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Nielsen  Engineering  &  Research,  Inc. 
SUMMARY 
A  theoretical  investigation  was  made  of  the  aerodynamic  and  struc- 
tural  aspects  of  all-flexible  parawings.  These  wings  are  characterized 
by  large amounts  of  spanwise  camber.  Consequently,  planar  lifting  sur- 
face  theory  is inadequate  for  predicting  the  aerodynamic  load  distribu- 
tion  on  the  canopy.  Ap  aerodynamic  method  was  developed  through  the  use 
of  slender-body  theory  to account  for  the  principal  nonplanar  effects. 
The  method  considers  sections  in  the  plpne  normal  to  the  root  chord  to 
be  Circular  arcs  which  may  translate and  dilate  with  distance  along  the 
root chord.  The  method  yields  spanwise  and  chordwise  distributions  of 
loading,  the  distribution  of  suction  along  the  leading  edge  and  the 
induced  drag.  Various  static  equilibrium  models  were examined  for  the 
purpose  of  determining  the  canopy  tension  distribution  and  rigging line 
loads.  The  methods  were ap9Iied  to  a  single-  and  a  twin-keel  parawing 
for which  aata on  inflated  shape,  overall  aerodynamic  loads,  and  line 
loads were obtained  by  the  Langley  Research  Center,  NASA.  Comparisons 
with  these  load  data  were  made  using  the  measured  canopy  shapes. 
Systematic  calculations  on  conical  parawings  indicate  that  spanwise 
camber  increases  the  lift-curve  slope  cQnsiderably  and  has a  favorable 
effect on  the  ratio  Qf  normal  force  to  induced  drag.  These  calculations 
indicate  that  if  a  parawing  could  be  rigged closer to a  conical  shape  SO 
that  the  entire  leading  edge  could  be operated.close  to  luffing,  a 
significant  increase  in  lift-drag  ratio  could  be  aahieved.  Comparisons 
with  lift  and  drag  data  for  single-  and  twin-keel  parawings  indicate 
reasonably good  agreement  and  show  that  the  induced  drag  constitutes  most 
of  the  total  drag.  Line  load  comparisons  illustrate  the  proper  behavior 
for  the  analytical  sjxuctural  mqdels,  but  indicate  that  the  models  are 
not  sufficiently  qetailed  to  be  predictive  in  nature. 
p I  I.,  .I  .  .. 
INTRODUCTION 
Because  the  all-flexible  parawing  is completely  stowable,  it has 
received much  attention  for  applications  such  as  aerial  delivery  schemes, 
parachute  jumping,  and  space  capsule  recovery  where  this  property  is of 
prime  importance  (refs.  1-3).  In  contrast  to  the  rigid  boom  parawing, 
however,  its stowability  feature  has  made  it more  difficult  to  specify 
the  aerodynamic  shape  of  the  inflated  parawing  and  to  develop  rational 
aerodynamic  and  structural  theories  of  the  device.  Accordingly,  almost 
all  progress  to  date  in developing  all-flexible  parawings  has  been 
through  experimental  means.  It is the  purpose  of  this  report  to  present 
some  exploratory work  aimed  at  obtaining  insight  into  the  aerodynamic  and 
structural  problems  of  all-flexible  parawings. 
It was  recognized  before  the  present  investigation  started  that  no 
substantial  theoretical  progress  could  be  made  unless good  measurements 
of  all-flexible  parawing  shapes  were  made  to  guide  the  analysis. 
Accordingly,  measurements  were made  at  Langley  Research  Center  in the 
7-  by  10-Foot  Wind  Tunnel  using  stereoscopic  photography  to  determine 
the  inflated  shapes  of  a  single-keel  and  a  twin-keel ,all-flexible  parawing. 
These  measured  shapes  have  been  utilized  together  with  a  specially  devel- 
oped  nonplanar  slender-wing  lifting-surface  theory  to  obtain  approximate 
aerodynamic  loadings  on  the  parawings.  In this manner  the  necessary 
aerodynamic  loadings  for  a  preliminary  structural  analysis  have  been 
obtained. 
In the  present  report,  the  aerodynamic  theory  developed  for  all- 
flexible  parawings  is presented  first.  Next,  the theory is utilized to 
describe  the  aerodynamic  characteristics  of  idealized  all-flexible 
parawings  and  to  assess  the  importance  of  various  factors  in  their 
aerodynamic  efficiency.  The  measured  shapes  are  presented,  and  are  then 
used  together  with  the  theory  to  estimate  the  lift  and  drag  character- 
istics of  the  single-keel  and  twin-keel  parawings.  Finally,  results  on 
predicted and  measured  line  loads  are  presented. 
2 LIST OF SYMBOLS 
a 
a n 
R 
An 
Bn 
C r 
cD 
CDi 
cDO 
cL 
CS 
C 
Tk 
radius  of  circle in  5,  or  5,  plane 
complex coefficients in Laurent series for  W2(C4) 
aspect  ratio 
real part of  Cn 
imaginary part of  Cn 
root  chord  of  inflated  parawing 
drag  coefficient , D/qSR 
induced-drag  coefficient,  Di/qSR 
friction  drag  coefficient,  nondimensionaliznd  by  qs R 
lift  coefficient,  L/qsR 
suction-force  coefficient,  s/qSR 
keel-line  tension  coefficient,  Tk/qSR 
leading-edge  line  tension  coefficient,  Tj/qSR 
chord-force  coefficient,  X/qSR 
lateral-force  coefficient  on half of  the  canopy, 
Y/qsR 
normal-force  coefficient,  z/qSR 
components  of  Cx, Cy,  and  Cz  due  to  differential 
pressure  loading  on  canopy 
3 c11 
cl  2 
dd 
D 
e 
e' 
+  e 
X 
el  ye, 
f 
h 
hk 
components of  Cx, Cy,  Cz,  and  CDi,  respectively, 
due to leading-edge  suction 
components  of  Cx,  Cz,  and  CD.,  respectively, 
associated  with  vortex  lift 
1 
coefficient  of  <-I  term  in  Laurent  series  for  wl(<) 
coefficient  of  <-l  term  in  Laurent  series  for  W,  (<) 
element  of  length  lying  in  canopy  surface  cut  out 
by  plane  parallel  to  x-axis,  fig.  2 (a) 
complex  coefficients  in  Laurent  series  for  w(<), 
eq.  (72) 
total  drag 
induced  drag  of  canopy 
distance  between  top  of  canopy  and  x,-axis,  measured 
parallel to  z-axis,  positive  downward 
distance  between  top  of  canopy  and  x-axis,  measured 
parallel  to  z-axis,  positive  downward 
unit  vector  along  x-axis 
values  of  e  associated  with  contours  C1  and  C,, 
respectively,  fig.  2 (b) 
values of  e'  associated  with  cDntours  C1  and  C,, 
respectively,  fig.  2 (b) 
circular  arc  camber  in  crossflow  plane,  defined  in 
fig. 1 
rigging  line  length,  figs.  14 and  17 
keel  length  of  theoretical  wing  canopy  flat  pattern, 
measured  from  theoretical apex  to trailing edge of  the 
plane  of  symmetry 
4 a 
L 
M 
Y 
MZ 
n 
n 
4 
AP 
P 
AP 
'n'  Qn 
pU 
definite  integrals  given  by  eq.  (93) 
definite  integral  given  by  eq.  (99) 
I( f/2r 
ratio  of  lift-curve  slope  of  segmeqt,  of  circular  cone 
to that  of  the uncarnbered wing corresponding to its 
chord  plane,  eq.  (139) or eq.  (149) 
s/2 
lift  of  canopy 
moment  of  canopy  about  y-axis 
moment  of  canopy  about  z-axis 
summation  index 
unit  vector  normal  to  canopy 
unit upward  vector  perpendicular  to canopy  at  rignt- 
hand  leading  edge 
unit normal  tangent  to  canopy  and  normal  to right- 
hand  leading  edge,  directed  away  from  canopy 
local  static  pressure 
free-stream  static  pressure 
pressure  difference  across  the  canopy 
pressure  coefficient,  (p  - p,)/q 
Pd - Pu,  wing  loading 
pressure  coefficient  fgr  lower  wing  surface 
coefficients  in  a  Laurent  series,  eq.  (50) 
pressure  coefficient  for upper  wing  surface 
free-stream  dynamic  pressure 
vqctor  flow  velocity 
radius of  curvature  of  circular  arc  in  c1  ana  c2 
planes 
5 S 
S  m 
S 
sR 
Tk 
T& 
u.l’w.4 
uu ,  wu 
odd 
vr  9 v~ 
values  of  r  associated  with  contours  C1  and  C,, 
respectively,  fig.  2 (b) 
parawing  local  semispan 
maximum  semispan  of  conical  parawing  formed  from  surface 
of  circul.ar  cone 
leading-edge  suction  force  associated  with  both  leading 
edges 
reference  area,  .taken  as  flat  canopy  area  unless 
otherwise  indicated 
keel  rigging  line  tension 
leading-edge  rigging  line  tension 
perturbation  velocities  along  x,  y,  and  z  axes, 
respectively 
values of  u  and  w  on  lower  surface,  respectively 
values of  u  and  w  on  upper  surface,  respectively 
(uu - up2 
radial and  tangential  perturbation  velocity  components 
in  yz  plane 
radial and  tangential  perturbation  velocity  components  on 
circular  arc  in  Cl  plane  associated  with  Q1 
radial and  tangential  perturbation  velocity  components  on 
circular  arc  in  c2  plane  associated  with 
free-stream  velocity 
(wu  - wp 
velocity component  along  z-axis  associated  with  Q1 
velocity component  along  z-axis  associated  with  Q2 
complex  potential  for  total  flow 
complex  potential  for  circular  arc  translating  upward  at 
unit  velocity  with fluid  stationary  at  infinity 
6 aideal 
a7 
B 
complex potential  for  flow  about  a  fixed  circle  with 
center  at  the  origin  with  unit  free-stre'am  directed 
along  the  negative  z-axis 
complex potential  in  c4  plane  for  flow  which  in  the 
Cl  plane  yields  a  circular  arc  dilating  at  unit 
velocjty  with  the  flow velocity zero  at  infinity 
axis system with  grigip  at  leading  edge  of  parawing  with 
positive  x  rearwar@  along  the  root  chord,  positive  y 
laterally  to  the  right.  facing  forward,  and  positive  z 
vertically up 
qxis  system  used  in  canopy  shape  measurement  tests, with 
origin  at  the  rigging  line  Confluence  pgint.  x'  is 
parallel to the  keel  chord,  positive  aft;  z'  is 
positive up;  and  y'  is positive  to  right  facing 
forward in  tunnel 
axis  system  with  origin  at  leading  edge  of  parawing  with 
positive  x1  rearward  in streamwise  direction, 
positive  y,  laterally  to  right  facing  forward,  and 
positive  z1  vertical upward 
chordwise  force  directed  along  ,x-axis 
lateral  force  on half  of  the  canopy,  directed  along  -y-axis 
normal  force  on  canopy  in direction  of  z-axis 
angle  between  free-stream  velocity  and  root  chord 
girection 
angle  of  attack  for  conical  parawlng  at.which  the 
leading-edge  suction  is zero 
direction  cosines  of  vectors  representing  the  keel  line 
tension,  positive  downward 
direction  cosines  of  vectors  representing  the  leading- 
edge  line  tension,  positive  downward 
angle  of  zero  lift  of  segment  of  a  circular  cone 
"angle  of  attack"  for  a  singlerkee$  parawing,  defined  as 
the  angle  between  the  number  7  keel line and  the 
vertical  direction 
"angle of  attack"  for  twin-keel  parawing,  defined  as the 
angle  between  th  projection  of  number  8 keel  line  onto 
uertica4  plane  OF symmetry  and  the  vertical  direction 
polar  angle  in  <,  plane,  fig.  4 
7 t: 
c4 
e 
A 
2 
v 
+ 
V 
$0 
$1 
‘$1  odd 
$2 
‘$2  odd 
complex  variable,  y  +  iz 
Y,  +  iz, 
t:, +  i(e  +  f) 
L. - 2 
if 
fraction of  semispan 
polar  angle  in  c4  plane,  fig.  4 
xvm COS  a  +  ZV-  sin a 
coordinate  in  v  direction  * 
unit  vector  normal  to canopy  contour  lying  in  crossflow 
plane 
components  in  the  x,  y,  and  z  directions,  respectively, 
of  canopy  tension  per  unlt  width 
unit  vector  tangent  to  canopy  contour  lying  in  cross- 
flow  plane 
polar  angle  of  points  on  canopy  surface  in  yz  plane, 
fig.  2 (b) 
@/Vm  cos a 
velocity  potential  for  circular  arc  translating  upward 
at  unit  velocity 
velocity  potential  for  expanding  circular  arc  with  unit 
radial  velocity 
(@zu - @z )  ’2 
R 
velocity  potential  for complete  flow  past  parawing 
a Subscripts 
ee 
ef 
er 
2e 
rf 
rr 
21 
associated  with  (de/dx) 
associated  with  x  de  df 
associated with -  de  dr 
dx  dx 
associated  with  d2e/dx2 
associated  with  dx  dr  df 
associated  with  (dr/dx) 
associated  with  d2r/dx2 
AERODYNAMIC  THEORY 
Preliminary  Considerations 
As part of  a  general  investigation  of  the  structural  and  aero- 
dynamic characteristics of  all-flexible  parawings,  it is desired  to 
develop an  aerodynamic  theory  that  will predict  the  detailed  load 
distribution on  such  wings.  None  of  the  existing  planar  lifting- 
surface  theories  is applicable  to  all-flexible  parawings  because  the 
canopies of  such  wings  are  not  even  approximately  planar.  Since  the 
rigging lines Erom  the wing  tips  slant  inward  toward  the  vertical  plane 
of  symmetry,  the canopy  must  be  nearly  vertical  near  the  tips.  Accordingly, 
the  rigging  method  of  all-flexible  parawings  effectively  provides  the 
wing  with  end  plates  which  preclude  the  use  of  planar  liftiqg-surface 
theory  if  accurate  predictions  are  desired. 
No nonplanar  lifting-surface  theory  exists  which  is applicable  to 
all-flexible  parawings  with  the  accuracy  of  linearized  wing  theory. 
However,  it appears  possible  to  develop  a  slender-wing  nonplanar 
lifting-surface  theory  that  will account  for  the  principal  nonplanar 
effects of  canopy  shape.  The  principal  assumption  used  in  the  analysis 
is that  the  shape  of  the  canopy  in  any  crossflow  plane  can be  approxi- 
mated  in the mean  by  a  circular  arc.  The  circular  arcs  will vary 
chordwise  in  span,  aamber  ratio,  and  vertical  location  of the  center  of 
9 
I curvature.  The  variation  of  these  quantities  with  chordwise  distance 
in  the  cases  considered  in  this  report  is obtained  from  measurement,  but 
in  other  cases  may  have to  be  obtained  by  other  means.  The  aerodynamic 
theory will  be  complete  in  that  loading  distributions  as  well as  gross 
forces and  moments  will be  obtained. 
A  line  joining  the  wing  leading  edge  and  trailing edge  in  the 
vertical  plane  of  symmetry is defined  as  the  root  chord  of  the  parawing 
(fig. 1). The  apex  of  the  wing  is taken  as  the  origin  of  the  wing  axis 
system  with  x  taken  positive  rearward,  along  the  root  chord,  and  y 
and  z  as shown  in  the  figure.  The  free-stream  velocity  V,  is in 
the  vertical  plane  of  symmetry  for  the  present  analysis,  and  the  x-axis 
is inclined  at  the  angle  a  to  V,.  For  the  purposes  of  the  analysis, 
crossflow  planes  are  considered  perpendicular  to  the  x-axis.  In  these 
crossflow  planes,  the  canopy  shape  .is assumed  to  be  representable  by  a 
circular  arc.  The  circular  arc  is described  by  three  quantities  which 
vary  with  x.  Besides the  camber,  f, and  the  local  semispan,  s, there 
is the  distance  e  between  the  top  of  the  canopy  and  the  xl-axis, 
measured  in  the  z  direction. 
The  crossflow  planes  have  been  set  up  normal  to  the  root  chord 
rather  than  normal  to  the  free-stream  direction  so that  the  canopy 
shape  for  a  rigid canopy will not  change  with  angle  of  attack.  Also, 
the  local  crossflow  section  of  maximum span will  be  farther  aft  than  if 
the  crossflow  planes  are  taken  normal  to  the  free-stream  direction. 
Since  slender-body  theory  usually  predicts  negative  lift  on  sections  of 
decreasing  span  in the downstream direction,  the  present  choice  of 
crossflow  planes  will tend  to  reduce  the  extent  of  regions  of  negative 
lift  on  the  rear  of  the  parawing. 
Boundary  Conditions 
Consider  the  two  contours  C,  and  C,  lying in the canopy  in 
crossflow  planes  dx  apart  as  shown  in  figure  2(a).  Let  -r  and  v 
be  unit  vectors  tangent  to  and  perpendicular  to  the  contour  C,, 
respectively  at  some  point.  Consider  a  plane  parallel  to  the  x-axis 
and  containing  v.  This  plane  intersects  the  body  surface  between  C, 
and  C,  along  an  element'  dl.  Let  n  be  normal  to  z  and  dl  so 
that it is the  unit  normal  to  the  surface.  If  cb  is the  entire  velocity 
+  -+ 
+ 
+  -c 
10 potential and  if the  unit  vector  along  the  x-axis  is  e  then  the 
velocity  vector  q  is 
-c 
-c 
X' 
The  tangency  condition  is 
or 
It is noted  that  v,  dl,,  and  dx  are  coplanar  by  construction,  lying  in 
a  plane  normal  to  T.  Since  n  also lies in this  plane,  n,  v,  dl,  and 
dx  are  coplanar,  with  n  and  v  perpendicular  to  dl  and  dx,, 
respectively.  If  we make  the  small  angle  assumption  for  dv/dx,  we  have 
4 
+  +  ++ 
+  4 
cos  (q?) = - dx 
cos  (T,i3 =  1 dv  I 
Thus  the  boundary  condition  becomes 
We can write on the  basis  of  small  perturbation  velocities 
-  a@  =  (V,  cos 'a) dv 
dV 
It is desirable  to  relate  the  tangency  condition  to  the  geometric 
parameters  of  the  canopy  shape.  For  this  purpose  consider  a  fixed 
crossflow  plane  through  which  the  wing  is passing.  Let  the  contours 
C,  and  C,  as  seen  in the  fixed  crossflow  plane  be  circular  arcs  as 
shown  in  figure  2(b) where  the  traces  of  the  x-  and  xl-axes  are  shown. 
Then 
11 OA  = rl - r2 
AB  =  [  (r2  +  e;)  - (r, +  e;)]  sin 
-AV  =  + (r2  - r,) (-1 +  sin @) +  (e;  - e;)  sin @ 
or  with  dr =  r2 - rl  and  de' =  e2 - e,,  we obtain 
The  change  from  e'  to  e  is desirable  for  computational  purposes  because 
of  the  way  the canopy  shape  is measured  in  the  wind  tunnel. 
This  boundary  condition  suggests  two potential  problems  that  must 
be  solved.  The  first  term  dr/dx  is the  boundary  condition  for  an 
expanding  circular  arc.  For  a  translating  arc  the  velocity  normal  to 
the  arc  varies  as  sin  @  so that  the  second  term  of  equation  (9) 
describes  the  boundary  condition  of  a  translating  arc.  Let  G1  be  the 
potential  function  for  a  translating  arc  with  the  normal  velocity  equal 
to  sin  @  and  no  velocity  at  infinity.  Let  G2  be  the  crossflow 
potential  function  €or  an  expanding  arc  with  unit  normal  velocity  and 
no  velocity  at  infinity.  Thus,  the  boundary  conditions  are,  from 
figure 3, 
a@2 
av 
"  - 1  on  the arc  I 
12 We can  construct  the total  potential  function  as  follows. 
0  =  xVt0cos a  +  zVmsin a  - (g  + 2)  voocos a  GI +  v,cos  a  @2  (12)  dr 
To  verify the boundary  condition  on  the  body,  differentiate 
equation  (12) with  respect  to  v. 
On  the body  az/av  is  sin  @  SO  that 
Using  equation  (9) , we obtain 
"  a@  - Vmcos a -  dv  av  dx 
a  result  fulfilling  the  boundary  condition,  equation  (6).  The  only 
other  conditlon  that  the  potential  must  fulfill is that it must  give 
the  parallel  flow  at  infinity.  Since  and  I/>,  yield no velocities 
at  infinity,  it can be  seen  from  equatlon  (12) that  a@/ax  and  &/Az 
have  the  proper  behavior  at  infinity. 
Pressure  Coefficient 
Let  u,  v,  and  w  be  the  perturbation  velocities  along  the  x,  y, 
and  z  axes,  respectively,  such  that 
"  a0 
aY 
-v 
"  a0 
aZ - voosin  a  +  w  J 
13 Then  from  reference 4,  p.  48,  the pressure  coefficient  for  zero  yaw 
angle is given by 
-2(u +  aw)  - (v2 +  w2)  P= 
VW  vm2 
With  regard  to  the square terms,  it is easier to evaluate  the  sum  by 
means  of  the  following  equality 
where 
I 
Carrying  out  the operation  to  obtain  the velocity components,  we 
find  that 
and  on  the canopy 
V 
VWcos  r a =-(g+z)  sin@+=  dr 
It is noted that the pressure  coefficient  depends  not  only  on 
dr/dx  and  de/dx,  but  also  on  d2 (r  +  e)  /dx2. 
14 Solution  for  Translating  Circular  Arc 
Complex  potential.-  It is desired  to  obtain  the  potential  for  a 
translating  arc  with  unit  upward  velocity  with  the  flow  stationa 
infinity.  The  arc is shown  in figure  l(a),  together  with its dimensions 
and  its position  with  respect  to  the  x,  y,  z  coordinate  system.  The 
potential is obtained  in  several  steps,  as  illustrated  in  figure  4.  We 
start with the known  potential  for  a  circle with its center a$  the 
origin  with  downward  flow  parallel  to  thg  z-axis at  unit  speed  in  the 
far  field  (fig.  4(d)). 
F  at 
This  potential Tan be transformed  through  the  planes  c4  c3 + c2 -  5, 
to  obtain  a  flow  past  the  translating  arc  in  the  c1  plane  with  the 
velocity  at  infinity  unchanging.  "he  first transformation  simply  shifts 
the  origin  of  the  circle  up  onto  the  imaginary  axis. 
c3 =  54. + 2 
if 
The  second  transformation  is the Joukowski  transformation  which  carries 
a  circle  with  the  center  offset  on  the  imaginary  axis  ipto  a  circular 
arc. 
or 
where  we have  used  the  positive  sign  on  the  square  root.  The  last  trans- 
formation  merely  changes  the  vertical  position  of  the  circular  arc. 
By  simply  making  the  approprigte  transformations  in  the  complex 
potential,  we obtain  the  flows  in  the  several  planes  since  the  contours 
15 
I are  streamlines  and  the  flow  velocity  at  infinity  is unaltered. 
Accordingly, 
The  complex  potential  €or  the  upward  moving  arc is now  obtained  by 
imposing  a  flow  given  by  -i<, which  makes  the  velocity  at  infinity 
zero and  imparts a  uniform  upward  velocity  to  the  circular  arc.  The 
final complex  potential  in  the  ;,  plane is thus 
This complex  function  W,  (4,) is now  transformed  back  to  the  ,24  plane, 
resulting  in  the  following  simple  form,  correct  except  for  a  constant. 
Velocity  components.-  With  the complex potential  for  the  terms  known, 
it is possible  to  obtain  the  velocity  components.  The  following scheme 
is used. 
16 Carrying  out  the  operations  yields  the  following  results  on  the  contour 
-  = 
[e-2ie 
+
 
dW1  (1 - k2) 
d4  4  (eie  +  ik)2  2r 
-  = 
[e-2ie 
+
 
dW1  (1 - k2) 
d4  4  (eie  +  ik)2  2r 
4 
3 
-=  1 
3 -  (eie  +  ik)2 
dT2  2ieie (sin 8 +  k) 
a< 
"  d<2 
dc  1 
-1 
(35) 
J 
where  8  is the  polar  angle  in  the  c3  plane  (fig.  4).  In order  to 
separate  the  velocity  components  into components  which  are  symmetric 
and  antisymmetric  with  respect  to  the  top  and  bot.tom surfaces  of  the 
wing,  we  must express  the  results  in terms  of  some  angle  other  than  8. 
An  appropriate  angle  is  /3,  the  polar  angle  in the  5,  plane  (fig.  4). 
Use  of  equation  (25) yields  the  following  relationships 
sin 8  =  -k  cos  /3  +  sin f3  7/1 - k2cos2 B 
2  7 
[ 
(36) 
cos  8  =  cos 3  k  sin f3  +  dl - k2cos2 l3 
between  8  and  B.  The  equation  of  the  circular  arc  in the  i2  plane 
in terms  of  0  is 
<,  =  2a  cos  f3  dl - k2cos2 f3  +  2aik  sin2 3  (37) 
Accordingly,  i3  and  -f3  yield  corresponding  points  on  the  top  and  bottom 
of  the  circular  arc. 
With  the  use  of  equations  (34), (35), and  the  following  relationship 
ir$  =  ke2ie  +  ie  i8 
e 
eie  +  ik 
17 it can be  shown  that in 
v  =  sin 
r1 
terms  of  8  and  $I 
$I 
v= 
--COS  e 
$1  sin 8  +  k  (1  + k2 +  2k  sin e) +  cos  @  J 
It is seen  that  v  satisfies  the  boundary  condition  for  the  arc 
translating upward  at  unit  velocity. 
rl 
In  order  to  bring  out  the  symmetry  properties  of  the  velocity 
components,  both  velocities  are  given  in  terms  of  B  with  the  help  of 
equation  (36) as  follows: 
v  =  1 - 2k2cos2 B 
rl 
-  ZE-E  [l  +  k2(sin2  B  - cos2 311 J 
v@l 
" 
sin B 
It is seen  that  vr  is an  even  function  of  B  and  is an  odd 
function  of  B. 
VG1  1 
The  vertical  velocity  w1  is also used  in  the  loading  equation 
w1  =  v  sin @I  +  v  cos  @ 
@I1  rl 
(41) 
Equation  (41) can  be  expressed  entirely  in terms  of  B  by  use  of 
equation  (40) and  the  relationships 
sin  $I  =  1 - 2k2cos2 3 
cos p  =  2k  cos 3  Yl - k2cos2 3 
with  the  result  that 
wl=l- 2k  cos2 B 
sin  B  (k  sin B  +  $1  - k2cos2 9 )  (43) 
18 Solution  for  Dilating  Circular  Arc 
Complex  potential.-  The  complex  potential and  velocities  for  a 
dilating  arc  can  be  obtained in a  manner  similar  to  that  for a  translating 
arc.  The boundary  conditions  in the  cl  plane,  figure  5(8),  are  that 
a@/&  be  unity on  the  arc  and  the  velocity  at  infinity  be  zero.  The 
flow  external  to  a  circular  arc  with  an  as  yet  undetermined  normal 
velocity  distribution  in the  Cs  plans can be  transformed  as  before  to 
a  circular  arc  with  a  uniform  normal  velocity  distribution.  The  speci- 
fication  of  the  normal  velocity  distribution  in  the  c4  plane is deter- 
mined by  the  boundary  conditions  in  the  plane. 
The  flow  due  to any distribution  of  normal  velocity  on the circle 
in  the  c4  plane  can  be  represented  by  a  Laurent series 
m 
The  problem is to  determine  the  coefficients  an  which  will satisfy 
the  normal  boundary  condition  in the  5,  plane;  that  is, unit normal 
velocity on  the  circular  arc.  We satisfy  the  boundary  condition  in  the 
following way 
Equation  (45)  is a  Laurent series in  c4  valid  over  the  complete 
interval  0  8  2  2~.  On  the circle, we  find  that 
i@  2  e 
<3  -  (ke  -  ) (eie +  ik)  ie 
+
 
2i(sin 8  +  k)  2 
T3  L2 
19 so that  equation  (45) becomes 
m 
na  -i(n+l)e  (keie  + i)  (eie  +  ik)  (47) 
n+  1  2i(sin 8  + k)  a  arc  n=  1 
or 
m 
(sin 8  + k) = - $  -  e  (1  +  2k  sin 8  +  k2)  nan  -in8 
n+  1  a  2  arc  n=  1 
(48) 
Defining 
we get 
W 
(Vr,  - 
(sin 8 +  k) = - -  ’C 
-in8 
2  (Pn +  iQn)e  (1  +  2k  sin 8 + k2) 
cl  arc  n=  1 
(50) 
Since  vr2  is unity on  the  arc  in the  5,  plane,  we obtain  for  the 
real  part  of  equation  (50)  after-some  manipulation 
W 
We have  the  known  Fourier  series 
00 
sin 8 +  k 
1 +  2k  sin 8 +  k2 
= - 1  (-l)n  k2n-2  [k  cos  2ne  +  sin  (2n  - 1)  e] 
n= 1 
20 from  which 
'2  n  =  (2) (-1) k  n  211-1 
n  =  1,2,3, ... 
'2  n-1  =o 
Q2 n-1  =  (2) (-1) k  n  2n-2 
(53) 
(54) 
Q2  n  =o 
Accordingly,  the  complex  potential is 
The  series  can  be  rewritten  as  follows 
From  the known  expansions  for  In  (1  +  x)  and  tan-'  x, we  can sum 
the  Leries 
The  expression  for  W,  can  be  further  simplified  to 
Velocity  components.-  The  velocity components  have  been  evaluated 
in  the  same  manner  as  for  the  previous  case.  The  results  for  the  radial 
and  tangential  velocities  on  the  arc  are 
21 It is noted  that  is an  even  function  of  B  while  v@2  is an odd 
function  analogous  to  the  and  v  velocity  components.  We are 
also  interested  in  w2  for  determining  the  wing  loading 
vrP 
vrl  @1 
w2  =  v  sin @  +  v  cos  @ 
r2  @2 
=  sin @  - -  cos  @  sin  @ 
With  the  help  of  equation  (42) the  result  for  w2  becomes 
2k2cos2 B 
sin  B  w2=1-  (. sin  @  + 7/1 - k2cos2 
Wing  Loading 
The wing  loading  equations  will now  be  determined  with  the  help  of 
equation  (17).  The  loading is considerably  simpler  to  obtain  than  the 
pressure  distribution  because  the  even  terms  in  @  do  not  contribute 
to  the  loading.  Consider,  for  instance,  the  squares  term,  v2  +  w2)  in 
equation  (17) , or its equal,  v2  +  v2  From  equations  (40) and  (59)  it 
is clear  that  v  and  are  even  in  B.  The  quantities  v  and 
r  @. 
rl  vr2  @I 
v@2  are  both  odd  in  B  by  the  same  equations.  Accordingly,  the  square 
term  contributes  nothing  to  the  loading. 
The  loading is given  with  the  help  of  equation  (17) as 
2(uu - Ua)  2dWu - Wa) 
AP =  P  L - Pu  -  -  + 
vcu  va3 
where  the  subscripts  u  and  1  refer  to  corresponding  points  on  the 
upper  and  lower  surfaces  respectively.  Considering  now  only  the  parts 
of  u  and  w  odd  in  @,  we  have 
22 AP = 4(2+  awU 
odd 
where  the subscript  odd  applies  to  quantities of the upper  surface. 
From  equations  (20)  and  (21)  taking  cos a  equal to  unity 
d2r  dr  ''2 
dX2 @2(odd 
+- 
@1  =  rk  [k  - 2  sin  f3  1 - k2cos2 f31 
a2  =  -r In (dl - k2cos2 p  +  k  sin p 
=  -2r  tanh-l  k  sin  @  - r  In (1 - k2)  (67) 
1 - k2Cos2  f3 
The  Qdd parts  of  the derivatives  are  found  first by taking the 
derivatives  of  Wl(<) and  W2(<)  with  respect  to  x,  determining  the 
value  of  the resulting complex  expressions  at  the  canopy  surface,  and 
then  extracting  the  real  parts.  These  processes,  which are  quite 
lengthy,  yield  the following  results. 
-  k7/1 - k2cos2 f3 
" 
sin  f3 
2  cos2 f3  (1  +  k2 - 2k2cos2 B) (s) 
odd 
+  (1  +  2k2cos2 f3  - 4k4cos4  B) (s)  + &  (g)] 
23 -  - k7/1 - k2cos2 p 
[-4  cos2  B ($$)  +  - k2 (1 - 2  cos2  B 
2 
odd  2  sin  B 
+  2k2cos2  B) (2)  - k2  (1  1 
- k2) (g)] 
It is noted  that  the  three  independent  parameters  specifying  the  shape 
have  been  taken  to  be  r, e,  and  f  together  with  their  x  derivatives. 
The  total  loading  can  then  be  written 
AP =  +  8r -  z:z  k  sin By1 - k2cos2 (3 
r  ”I 
2k  sin B-j/1 - k2cos2 B  - In  11  - k2cos2 (3  +  k  sin B 
1 - k2cos2 B  - k  sin B 
L 
-  sin B  1 - k2cos2 (3  +  k  sin 
1 - k2Cos2 B  In c;l  - k2cos2 B  - k  sin  I] 
-  (%I(%)  (1 - k2)  sin ’$ 
k  111 - k2cos2 f3 
+  4 ($) (2)  kql  - k2Cos2  (1  +  4k2cos2 B  - 8k2cos4 (3) ; 
sin B 
It is noted  that  the  loading  depends  on  the  shape  parameters  dr/dx, 
de/dx,  and  df/dx  as  well  as  d2r/dx2,  d2e/dx2,  and  a.  There  are  a 
number  of  distinct  types  of  loading  associated  with  the  seven  character- 
istic terms  in the  foregoing  result.  All  but  those  associated  with 
d2e/dx2  and  d2r/dx2  exhibit  the  usual  square-root  singularity  at  the 
edges of  the  wing.  Integration  of  these  pressure  distributions  spanwise 
across  the  canopy  will yield  the  chordwise  load  distribution  without  any 
effects  of  leading-edge  suction. 
24 Normal  Force and  Moment  Distributions 
The  quantity  W(<)  can be  expanded  in a  Laurent series 
Herein  <  is Che  complex variable  in  the  y,z  coordinate  system. 
<  =  17  +  iz =  5, - ix  tan  a  (73) 
The  coefficients  Do  and  Cn  are  generally  complex,  and  Do  is zero 
for  the  present  case  wherein  the  wing  has  no  volume.  If we  express 
Cn  as  follows 
Cn  =  An  +  iBn 
then from  equations  (3-64)  and  (3-66) , reference  4,  we have  for  the 
normal  force  (Z) and  the pitching-moment  coefficient  M 
Y 
M  +  iMz =  4rixC, (x) - 4ri [  C,  dx 
Y 
0 
(74) 
where  the values  of  Z  and  M  are  those  for the wing  canopy  from  its 
leading  edge  up  to some  chordwise  distance  x.  A  result  of  this  nature 
Y 
25 yields the chordwise  load  distribution  by  differentiation.  The  chord- 
wise loading  includes  the  effects of  leading-edge  suction. 
The  coefficient  C,  for  W(<)  can be  written from  equation  (71) as 
where  C,,  and  are  the  coefficients  of  in  the  Laurent 
expansions  for  W1(<) and  W,(<),  respectively.  Since  the  series  of 
transformations  C4 + c3 + c2 -  5, + c  are  the  identity  transformations 
at  infinity,  the  coefficients  C,,  and  C,,  are  the  same  in  all  planes. 
Collecting  together  previous  results  from  equations  (33) and  (58) 
c1  2 
we  can see by  inspection  that 
c,,  =  -i(a2 +  j2)  (79) 
and 
The  assumption is now  made  that  cos  a  does  not  differ  significantly 
from unity.  These  results  lead  directly  to  the  equation  for  the  normal 
force 
or 
26 and  for the pitching moment  about the apex 
or 
Induced  Drag 
For the present  lifting  surface  which has no  volume,  the  induced 
drag is given  by  equation  (3-74)  of  reference  4,  as 
where  C  is a  contour  enclosing  the  base  of  the  lifting  surface  in  the 
rearmost  crossflow  plane,  v  is the  outward  normal  in  the  crossflow  plane, 
and  z  is the  tangent.  Now repeating  equation  (12) 
"+ 
d 
@  =  -V,cos  a  dr 
+  x~,cos a  +  zV,sin  a  (86) 
and  making  the  assumption  that  cos  a  is unity, we define  the  following 
quantities 
27 wherein 
A,  -  dr 
dx 
h  -‘x+ztana 
3 
The  values  of  Q,  and  G2  on the  surface  have  odd  and  even parts, 
and  since  d@/dv  is an odd  function  of  B,  only  the  odd  parts of  Q1 
and  9,  at  the  surface  contribute  to  the  induced  drag.  From  equations 
(66)  and  (67) , we  find 
(G1 1  =  -2a  sin /3vl - k2cos2  f5 
odd 
(G2)  - 
-” 
k  In( 
a  k  sin B  + 41 - k2cos2 B ) 
(89) 
odd  -k  sin ,6  +  ql  - k2cos2 B 
or 
On  the wing  surface 
d@2 
ar - 
” 
Equation  (85)  for  the  drag  can  be written 
Di  AfI,  +  AlA2  (I2  +  Is) +  ?.$I,  -= 
q 
28 where 
a% 
I1 = -  fOl  d-r 
C 
da 
sin  @  = 1 - 2k2cos2  f3  1 
COS  @  =  2k  cos f37/1 - k2cos2 f3  L  (94) 
dr  = r  d$  =  4rk2cos f3  sin g dB -  2rk  sin  f3  dB 
7/1 - k2cos2 p 
- 
cos  @  J 
The  integrals can be evaluated  as  follows. 
1,  (-2a  sin  - k2cos2 f3)  sin @ 
(2rk  sin  - 
0  ql  - k2cos2 p 
=  +  8ark  s  in2 f3  ( 1 - 2k2cos2 g,)  df3  i 
0 
Now 
i 
sin2 f3  dg  = 7 
Tr 
0 
29 and 
Therefore, 
I,  =  +8ark (5 - k2 5) =  +2nark (2 - k2) 
Also, 
I2  (-2a  sin By1  - k2cos2 f3  )  (2rk sin  @)dB 
0  41  - k2cos2 f3 
n- 
=  8ark  sin2  B  dB 
0 
=  4nark 
Also 
(95) 
I1 
=  +  8ar  tanh-I  k  sin  B  (1 - 2k2cos2 f3)  sin  f3  dB 
0  1 - k2Cos2 B  41  - k2cos2 f3 
=  4-rrark 
Finally, 
Tr 
I,  =  -2 1  [-  tanh-’  (  7(1 - k2cos2 f3  1 - k2Cos2 B 
k  sin  B 
30 The  value of  this integral is worked  out in appendix A.  With the 
notation 
J(k) = 
tanh-'( 
k  sin B 
dB 
0  41  - k2cos2 B  1 - k2Cos2 f3 
we have 
I,  =  8arkJ(k) 
From  equation  (92)  the  induced  drag  is found  to  be 
-  Di  =  2~rark  [(g  + $$)  (2 - k2) - 4  dx  dr (;i;;  dr + 2)  +  --(dX)2]  4J  dr  (101) 
2 
q 
This  result  can  be  applied  to  the trailing edge  of  the  nonplanar  lifting 
surface  to  determine  the induced  drag.  Such  induced  drag  includes 
components  associated  with  lift  and  with zero  lift.  For  a  cylindrical 
parawing  dr/dx  is zero,  and  if it is further  at  zero  angle  of  attack, 
then  de/dx  is also  zero.  Accordingly,  the  induced  drag-given  by 
equation  (101)  is zero,  as  it should be. 
It is of  interest  to consider  the  ratio  of  normal force  to  induced 
drag  as  given  by  equations  (82)  and  (101).  From  these  results  it is 
readily shown  that 
r  1 
For a  flat  plate  ah  angle  of  attack  a, it can be  shown  from  equation  (102) 
that 
"  "  z2 
Di  a 
31 This is the well-known  result  of  slender-body  theory  that  the  induced 
drag  due  to lift  corresponds to a  rearward  inclination  of  the  resultant 
force  vector  due  to  lift of  a/2. 
Leading-Edge  Suction and  Vortex  Lift 
In  the  present  case  of  a  nonplanar  lifting  surface,  the  leading-edge 
suction  forces  can  change  the  magnitude  of  the  lift  and  drag as well as 
the side force  of  either  panel.  It is of  interest  to know  how  important 
the  effect  of  leading-edge  suction  is on  these  aerodynamic  quantities 
for  nonplanar  lifting-surface  shapes  typical  of  all-flexible  parawings. 
Leading-edqe  suction.-  Usually  an  evaluation  of  the  leading-edge 
suction is  made  by  the  method  of  Jones  and  Cohen,  reference  5,  which 
utilizes complex  integration  around  a  contour  partially  surrounding  the 
edge.  In  the  present  case,  a  different method  is utilized.  The  normal 
force as obtained  from  equation  (82) includes  the  leading-edge  suction 
force.  We may  determine  the  normal  force  without  leading-edge  suction 
by  integrating  the  pressure  distributions  given  by  equation  (70) over 
the  lifting  surface  exclusive  of  contours  around  the  leading  edges.  The 
difference  in  normal  force  for  the  two  calculations is the component  of 
leading-edge  suction  force  in  the  normal-force  direction.  The  leading- 
edge  suction  force  is normal  to  the  leading  edge  in a  plane  tangent  to 
the  lifting  surface.  Knowing  the  direction  and  the one  component  of  the 
leading-edge  suction,  we can  therefore  determine  its other components. 
The  integration  of  equation  (70) to  obtain  tk  normal-force  chord- 
wise distribution  without  suction  has  been  carried  out  for  all  seven 
terms  of  that  equation.  Introducing  the  following  subscript  notation 
"  d2e  2e  dx2 
"  d2r  2r 
dx2  (gr  - ee 
(104) 
"-  de df  ef  dr df  rf  de  dr  er 
dx  dx  "-  "- 
dx  dx  dx  dx  J 
32 we find the  following  result  for the €irst  component 
dCZ  @r  -  = -  AP2esin  @  r d@ 
28  1 
dx  sR 
$1 
The  results €or all seven  components  of  the  loading  without  suction  are: 
4rr2  d2r k4  -=--  - 
dx  sR  dx2 
dx 
dC- 
33 where  the  induced  drag  associated  with  vortex  lift  (ACDi)v  by  analogy 
with  equation  (126)  is 
= cs [a  cos(n,  ,z)  +  cos  (n,,x) I 
(ACT i  r 
Tfieory for  Conical  Parawings 
While  an  all-flexible  parawing  is not  conical,  the  qualitative 
effects of spanwise camber  for a  conical  parawing  are  of  interest  to  the 
extent  they  lepd  to  an  understanding  of  all-flexible  parawings  with 
large  spanwise  camber.  Therefore,  the  foregoing  theoretical  results  will 
be  applied  to  a  conical  parawing  to  obtain  closed  algebraic  results  for 
the  effects  of  spanwise  camber. 
The  configuration  type  is illustrated  in  figure  6 with  the  straight 
leading  edges  lying  in  the  x-y  plane and  all  sections  of  the  canopy 
in  planes  parallel  to  the  y-z  plane  being  circular  arcs  of  uniform  k. 
The  canopy  is thus  part  of  a  circular cone.  For  a  canopy  which  is half 
of  a  right  circular  cone  in  particular,  the  cross  sections  are  semi- 
circular and  k  =  0.707. 
For  a  conical  canopy,  the  angle  of  attack of  the  chord  plane  is 
a=-  de + df 
dx  dx 
so that 
dr  de  a  +  (  -+"= 
dx  dx  2kvG  dx 
1 - 2k2)  ds  - 
where  s  is the  local  semispan. Also, 
"  dr  1  ds 
dx  2kdG  dx 
-  - 
Writing  equation  (82)  in  the  following  form 
-  =  RS2  (1 + 1 - k2) a +  RS2 (1 +  -Ik2)(% - g)- 
Z  1  2ss2  * 
9  1 - k2  dx 
and  utilizing  equations  (133)  to  (135),  we  obtain  the  normal-force 
coefficient 
1 - 2k2  1  %}  (137) 
2k ./1-..  k(l  - k2)  3/2  dx 
Alternately, 
-  'R  -=  'Z 
s2  a  m 
it is convenient  to  form  a  normal-force  parameter 
(% 2)  =  (1 - k2) 
~(2  - k2)  k(5  - 2k2  (*)I  (138) 
[l - 2(2 - k2) $$% 
which  depends  only  on  k  and  a/(ds/dx) . From  equation  (137)  , the  term 
proportional  to  a  is associated  with  the  slope  of the  normal-force 
curve.  For  fixed  values  of  ds/dx  and  a, the  ratio  of  normal  force 
due  to  a  with and  without  spanwise  camber  is given  by 
The  quantity  K  can be  thought  of  as  an  apparent mass  ratio which 
indicates  the  extent  to  which  spanwise  camber  increases  the  lift-curve 
slope.  If  f3  >  90°,  we can  form  a  similar  ratio.  The  ratio chosen is 
that  of  the normal  force  due  to  a  for  the  cambered  surface  to  that  of 
the  flat  surface  having  the  same  maximum span,  which  is now  the  cone 
diameter.  In  this  case,  we  have 
38 
.. .  . .. With  regard  to  the  angle  of  zero  normal  force,  the  analysis  yields 
5+3-  f2 
1  5 - 2k2 
m=T  2-k2  2(2+s)' 
-  -  s2  -  0 < p  <  180° 
or in terms  of  the  parameter  ds/dx 
Results similar  to  those  for  normal  force  can  also  be  obtained  for 
induced  drag.  Frpm equation  IlOl) and  equations  (133)  and  (134)  we  find 
+  4J/a  - (1 - 2k2) (2 +  5k2 - 2k4)  4k2 (1 - k2)  (2 - k2)  (*y)  (143) 
To  obtain the part of  the normal  force  due  to leading-edge  suction, 
we  write equation  (123)  as 
Integration of  the foregging  equation  over  the root  chord  yields  the 
normal-force  coefficient 
(Ac,)  = - -  cl - k2) [  6 + 
8rk2 
S  sR  2kd-  dx  - 2k2  "I 
39 Since 
ds  s 
dx  cr ’  2kd-  ”.  I-  1  ”  - 
it can  easily  be  shown  that 
(Ac,  1 
4  -  =  -2rk(l - k2)  3/2 (-“)  [  1 -  k(3 - 2k2) 
A?  U  dx/dx  2(1 - k2)3/2  a 
It is seen  that  the  fractional  part  of  the  total  normal  force  due  to 
leading-edge  suction  thus  depends  only  on  the  parameters  k  and 
a/(ds/dx).  If  k  is zero as for a  flat  plate,  no  normal  force  is 
associated  with  leading-edge  suction.  However,  if  k  is greater  than 
zero,  a  negative  noma1  force  is associated  with  such  suction,  and  loss 
of  suction  results in an  increase  in normal  force. 
The  induced  drag  associated  with  leading-edge  suction  can  be  readily 
obtained  from  (AC,)  with  the  help  of  equation  (127) .  Using  the 
direction  cosines  derived  in  Appendix  B,  we  find 
From  equations  (143)  and  (148),  the  induced  drag  with  and  without  leading- 
edge  suction  can  be  readily  calculated. 
An  additional  item  is of  interest.  It is noted  in  equation  (147) 
that  the  leading-edge  suction  is zero  at  a  certain  angle  of  attack.  BY 
analogy  With  airfoil  practice,  we term  this  angle  of  attack  the  ideal 
angle  Of  attack, aideal.  From  equation  (147),  this  angle  is given by 
aideal -  k(3 - 2k2) 
2 (1 - k2)  3/2 
- 
40 Using  the  direction  cosines  we  find 
Vortex  lift.-  It is of  interest to  determine  the  probable  importance 
of  the  vortex-lift  concept  of  Polhamus,  reference  6,  for  all-flexible 
parawing  applications.  In  this  concept,  the  force  of  leading-edge 
suction is no  longer  assumed  to  act  normal  to  the  leading  edge  in a  plane 
tangent  to  the  canopy.  It is assumed  that a  separation  bubble  occurs  on 
the  upper  surface  of  the  wing  extending from  the  leading  edge  inward and 
that  the  suction  force  is changed  only  in  direction  but  not  in magnitude. 
For  the  present  purpose,  it is assumed  that  this  bubble  is of  such  a 
small extent  that  the  force  is rotated  goo  on  the  average  to  a  direction 
along  n1  normal  to  the  canopy  and  the  leading  edge. 
+ 
To  obtain  the  vortex  normal  force,  (ACz)v,  we  have 
and  from  equation  (125) 
The  total normal  force  with  vortex  lift  is then 
In order  to  obtain  the  total  induced  drag  with  vortex  lift,  (CD.) , 
we  have 
1v 
36 Let us  turn  now  to evaluating  the  increments  in  normal  force and 
drag  associated  with  vortex  lift.  From  the  direction  cosines  given  in 
Appendix  By  we  find  using  equation  (129)  that 
The  induced  drag  associated  with  vortex  lift  becomes,  using  equation  (132), 
For  purposes  of  later  comparison,  it is desired  to  obtain  specific 
results  for  k  =  0.  In  this  case,  the  results  of  equations  (138)  and 
(143)  yield  the  following  nondimensional  results  for  lift,  induced  drag, 
and  drag-rise  factor  with  full  suction 
cDi 
cz2  vi3 
"  "  1 
With  no  leading-edge  suction,  we  find  the  same  result  for  Cz,  but  for 
the  other  quantities  we  have 
41 With  vortex  lift  the corresponding  results  are 
C 
"  "  2 
RESULTS  AND  DISCUSSION 
Theoretical  Results  for  Conical  Canopies 
The  nonplanar  slender-body  theory  described  in  the  preceding  section 
of  the  report  has  been  used  to  make  a  systematic  set  of  calculations  for 
conical  canopies  formed  by  segments  of  circular  cones.  These  calculations 
illustrate a  number  of  significant  qualitative  effects  which  have  bearing 
on  the  aerodynamics  of  real  parawings.  Let us  then  consider  the  results 
for  conical  parawings  and  their implications  for  all-flexible  parawings. 
It is of  interest  to  have  a  knowledge  of  the  shape  parameters  of 
an  all-flexible  parawing  in  order  to  assess  the probable  applicability 
of  the  theoretical  results  for  conical  parawings  to  those  of  the  all- 
flexible  type.  The  variation  of  s  and  k  with  chordwise  distance  are 
shown  in  figure  7  as  obtained  from  shape  measurements  on  a  twin-keel 
all-flexible  parawing.  Examination  of  the  variation  of  s  with  x 
near  the  trailing  edge  of  the  root  chord  shows  that it is not  possible 
to  characterize  the  parawing  by  a  single  value  of  ds/dx  as  for  a  conical 
one.  However,  figure 7 (b) shows  that a  value  of  k  =  0.5  is a  good 
average  value  €or  the  parawing. 
Considering  first  normal-force  results,  the apparent mass  factor  K 
given  by  equations  (139)  and  (140) is shown  as a  function  of  the  spanwise 
camber  parameter  k  in  figure  8(a).  It is noted  that  a  surface  of 
semicircular  cross  section  has  a  normal-force  curve  slope  50 percent 
greater  than  that  for  a  triangular  flat  wing  of  the  same  span.  For  the 
42 limiting Case  of  k  = 1, the slope is doubled.  The  limiting  configuration 
for  k  = 1  is not a  solid circle because there is still a  slit in the 
bottom  meridian,  and pressures exist on both  sides of  the wing  surface. 
Cgrresponding results for  the  angle  of  zero normal  force  are  shown  in 
figure 8 (b)  .  The  angle is greater  than  df/dx  because  the wing  has 
geometric washout. 
There  exists an  ideal  angle  of  attack,  calculable  from  equation  (149), 
for which  the leading-edge  Buction becomes  zero  at  all  points  along  the 
leading  edges.  The  ratio  of  ideal  angle Qf  attack  to- ds/dx  is shown  as 
a  function  of  k  in figure 9  together with corresponding results for  ao. 
The  ideal  angle  of  attack  varies  from  1.2  a,  at  k  =  0  to  1.5  a,  at 
k  =  0.707.  For a  wing of  aspect  ratio  2,  ds/dy  =  0.5.  For  k  =  0.5, 
this wing would  have  an  ideal  angle  of  attack  clgse  to  0.5  radian.  If 
the wing  were  operated  at an  angle  less  than  the ideal  angle  of  attack, 
the  stagnation  point  would  move  to the  upper  canopy  surface,  and  luffing 
would  occur. 
It is of  interest  to examine  the effects of  leading-edge  suction  and 
vortex  lift  on  normal-force  and  drag  characteristics  of  conical  canopies. 
The  effects  are  functions  of  the  amount  of  spanwise  camber.  As a  basis 
of  comparison  for the  effect  of  spanwise  Camber,  let us  examine  the 
effects  of  leading-edge  suction  and  vortex  lift  first  for  k  =  0.  Figure  10 
has  been  prepared  for  this  purpose,  based  on the  simple  results  given  by 
equations  (152)  to (155)  in a  form  independent  of  aspect  ratio.  Figure  lO(a) 
shows  no  effect  of  leading-edge  suction  on  normal  force,  but  a  large 
effect  of  vortex  lift  is exhibited  at  the  larger  values  of  a/(ds/dx) 
attainable  with  low-aspect-ratio  wings.  The  drag  curves  in  a  non- 
dimensional form  are shown  in  figure  10(b).  At small  normal-force 
coefficients the induced  qrag  associated  with  vortex  lift  can  exceed  that 
with no  suction, but at  high  normal-force  coefficients  the induced  drag 
with vortex  ljft  approaches  that  with  full  suction.  The  ratio  Z/Di  is 
plotted in  figure  1O(c) to show  the approximate  magnitude  of  the  ratio  of 
normal  force  to  induced  drag.  It is clear  the  vortex-lift  effects  on 
this ratio  are  important  only  for  smaller  values  of  the  ratio.  At large 
values  of  Cz,  the ratio  Z/Di  with vortex  lift  can  be  greater  than  that 
for  full'suction. 
43 For  comparison  with  the  foregoing  results  in figure  10  for  k  =  0, 
a  corresponding  set  is shown  in figure 11  €or  k  =  0.5.  This  value  o€ 
k  was  chosen  because  it is the  average  value  measured  for  a  twin-keel 
all-flexible  parawing.  In  figure  11 (a)  , it is noted  that  the loss  of 
leading-edge  suction  now  causes an  increase in normal  force  where  none 
was  manifest  previously.  The  difference  in  normal  force  between  the 
full-suction  and  no-suction  cases  is almost  as  great  as  that  between  the 
vortex-lift  and  full-suction  cases.  One  important  effect  of  spanwise 
camber  is thus  that  leading-edge  suction  can  have  significant  effects  on 
normal  force  where  none  occurred  for  k  =  0. 
For  k  =  0.5,  the  strength  of  the  leading-edge  suctioa  is zero 
along  the  entire  lengths  of  the  leading  edges  at  a  value  of  a/(ds/dx) 
equal  to  0.96  regardless  of  aspect  ratio.  Hence,  all  three  normal-force 
curves  for  all  three  cases  have  the  same  normal  force  at  the  ideal  angle 
of  attack.  At the  ideal  angle  of  attack,  the leading-edge  streamline  is 
tangent  to  the  camberline,  and  small  changes  in  the ang1i.- of  attack  can 
put a  stagnation  point  on  either  the  lower  surface  or  usper  surface  of 
the canopy. 
In  figure  ll(b), the low  ranges  of  the drag  curves  are  presented 
for  the  cases  of  full  suction,  no  suction,  and  vortex  lift.  At the 
normal-force  coefficient  corresponding  to  the ideal  angle  of  attack,  all 
drag  curves  are  tangent.  The  point  of  maximum  Z/Di  for any  drag  curve 
corresponds  to  the point of  tangency  to the curve  of  a  straight  line  from 
the  origin.  It can  thus  be  seen  that  the  points  of  maximum  Z/Di  ratio 
occur  for  values  of  normal  force  less than  that  corresponding  to  the 
ideal  angle  of  attack.  However,  a  conical  parawing  must  operate  above  the 
ideal  angle  of  attack  so that it cannot  attain  the  maximum  value  of  Z/Di. 
In  figure  ll(c),  the  ratio  of  Z/Di  is shown  versus  the  Cz  parameter 
for  the  three  cases.  The  results  of  this  figure  for  k  =  0.5  are 
qualitatively  the  same  as  those  in  figure  1O(c)  for  k  =  0. 
Direct  comparisons  of  Z/Di  ratios  for  two  values  of  k  are 
given  in  figure  12 for  the  full-suction  case  and  the  vortex-lift  cases. 
In  this  figure  it is seen  that  spanwise  carriber  has a  favorable  effect 
on  the  Z/Di  ratio  for  both  cases. 
It appears  that  appreciable  gains  in  the  ratio  of  lift  to  induced 
drag  could  be  realized  if  an  all-flexible  parawing  could  be  rigged  into 
44 a  conical  shape.  For  example,  the  twin-keel  all-flexible  parawing  on 
which  the  shape  data  were  taken  has  a  Z/Di  ratio  of  2.90  and  an  L/Di 
ratio  of  2.76  based  on  the  present  theory  using  measured  geometric 
quantities.  Assume that  the  all-flexible  parawing  could  be  rigged  into 
a  conical  shape  vith  k = 0.5.  At the point  of  maximum  Z/Di  corres- 
ponding to  the  luffing  boundary,  figure  ll(b) gives  the  following  values 
n 
The  ratio  Z/Di  is thus 
It thus appears  that  for  any  small  or  moderate  aspect  ratio  all-flexible 
parawing,  substantial  gains  would  result if the  parawing  could  be  rigged 
closer  to  the  conical  shape.  The  gain would  result  principally  from 
operating  closer  to  the  luffing  condition  which  corresponds  to  the 
highest  useful  Z/Di  ratio.  This  point  cannot  be  attained  with  present 
all-flexible  parawings  because  pf  nose  collapse,  As long  as  the  ideal 
angle of  attqck  cannot  be  attained,  vortex  lift  will  be a  factor  in 
improved  pel;formance. 
Measured  Shapes  and  Aerodynamic  Coefficients 
During  the  cQurse  9f this  investigation,  the  Langley  Research 
Center  conducted  a  wind-punnel  program  to  obtain  data  on  the  inflated 
shapes  of  both  a  single-keel  and  a  twin-keel  all-flexible  parawing. 
prior  attempts  to  find  the  inflated  shapes  had  ipvolved  measuring, 
photographing,  or rigidizing  the  models.  These  methods  were  not  generally 
satisfactory, and  the method  finally  adopted  by  Langley  was the  use  of 
sterep  photography.  The  experimental  arrangement  is shown  in  figure  13. 
The  wing  is marked with 1-inch  squares.  From the stereo  pair  of  photo- 
graphs,  data  are  obtained  on  the  line  intersection  points  on  the wing 
and  read  directly  into  punch  cards  fgr  use in a  computer  program  which 
caJcula$es  the  coordinates  of  the  points  in  a  tunnel  axis  system.  The 
crosses on  the  tunnel  ceiling  are  used  as  control  points  in  setting  up 
45 the  stereo  model.  In  addition  to  obtaining  the  stereo  photographs, 
aerodynamic  performance  was  measured. 
The  measurements  described  above  were made  on  a  single-keel  and  a 
twin-keel  all-flexible  parawing,  for  both  of  which  considerable  prior 
aerodynamic  data  had  been  obtained  at  the  Langley  Research  Center.  The 
major  part  of  the  analysis  and  data  comparisons  of  the  present  investi- 
gation was  conducted  using  these  two  configurations.  In  the  following 
sections  of  this report,  the  single-keel  and  twin-keel  parawings  referred 
to  are  those  describad  below. 
Sinqle-keel  parawin%.-  The  single-keel  parawing  configuration  used 
during  this  investigation  is the basic wing  configuration  of  reference  7. 
The  flat canopy  arrangement,  line  attachment  locations,  and  line  lengths 
are shown  in  figure  14.  The  inflated.  configuration  is shown mounted  in 
the  tunnel  in  figure  13. 
This  configuration  was  tested  in  the  wind  tunnel  over  a  range  of 
angles  of  attack,  u7, from  26O  to 35O.  The  angle at which  the  highest 
L/D  ratio  occurred  is 27O,  which  is the  angle  at which  the  inflated 
shape  data  were  obtained.  At this angle  the  following  aerodynamic  data 
were  obtained: 
CL =  0.95 
CD =  0.39 
L/D  =  2.43 
The  canopy  coordinates  of  the inflated  shape,  as  obtained  from  the 
stereo  photography,  are  listed in  Appendix  C.  In  order  to  use  these 
data, it is necessary  to  know  something  of  the  coordinate  system  set  up 
in the stereo model  and  the order  in which the points  were  read.  This 
lnformation is contained on the  first page  of  Appendix  C.  .. 
For purposes of  applying  aerodynamic  theories  to  the  knob canopy 
shape,  the  data  of  Appendix  C  were used to  construct  chordwise  sections 
at  various  spanwise  stations.  These  sections  are  shown  in  figure  15. 
The  sections were obtained  for  a given  spanwise  station  by  locating 
those  points  in  the tabular  data  having  y'  values  within  20.10  inch  of 
the  nominal  y'  value  of  the desired  semispan  station  and  plotting  the 
46 points on  an  x'-z'  graph.  This  procedure  gives  acceptable  results  over 
most  of  the  canopy.  Near  the maximum span and  near  the  line  attachment 
points  along  fhe  leading  edge,  however,  the  canopy  surface  is nearly 
vertical,  and  small  differences  in  y'  give  large  differences  in  the 
z'  coor&$nate.  This difficulty  can  be  most  easily  visualized  by 
expnining  figures  lg(a)  and  16(b),  which  are  photographs  showing  the  side 
and  rear  views  of  a  single-keel  parawing  having  the same configuration 
and  rigging  characteristics  as  that  used  in  the  shape  determination  hests. 
Consequently, it is difficult  to  obtain  an  accurate  'section  near  the  tip, 
as  indicated  by  the  sections  having  q  values  near  1 in  figure  15(b). 
The  most  forward  points  for  a  given  span  station  are  close  to,  but  do  nat 
necessarily  indicate,  the  section  leading  edges,  bbeaause  the high  curva- 
ture at  the  leading  edge  sometimes  prevented  the  first one  or  two  points 
from  being  seen  properly  iq  the  photographs. 
Twin-keel  parawinq.-  The  twinrkeel  pqrawivg  configuraGion  used  in 
the  present  invegkigation  is that  described  in  reference  8.  The  canopy 
shape  data,  however,  were  obtained  on  a wing  having  an  $  of 75  inches 
rather  than  the  15-foot  size  used  in  the  investigation  reported  in 
reference 8.  The  flat canopy  arrangement,  line  attachment  locations, 
and  line  lengths  are shown in  figure  17. 
The  configuratlon  described  in  figure  17  was  tested in  the  wind 
tunnel  over  a  range  of  angles  of  attack,  qe,  from  24.2O- to 31.8O.  The 
shape  data  were  obtained  at  an  angle  of  24.8O  which is.  near  the  maximum 
L/D  ratio  condition.  At this angle,  the  following  aerodynamic  data 
were  obtained: 
CL =  0.840 
L/D  =  2.56 
The  canapy  coordinqtes  of  the  inflated  configuration,  as  obtained 
from  the  stereo  photography,  are  listed  $n  Appendix  D.  As for  the  single- 
keel data of  Appendix  C,  an  explanation  o€  the  data  is included  in  the 
appendix. 
47 Chordwise  sections  of  the  canopy  were  plotted  for  purposes  of 
predicting  the  aerodynamic  performance  of  the  parawing.  The  sections  are 
shown  in figure 18.  The  comments  given in the  preceding  scetion  concerning 
the methods  of  obtaining  these  sections and  the accuracy of  the section 
shapes  apply  equally  to  the  twin-keel  data.  Generally?  however,  the  twin- 
keel  parawing  tends  to  have  a  more  regular and  smoother  shape  than  the 
single-keel  parawing  because  of  the  absence  of  leading-edge  lines in  the 
center  lobe  and  the  fact  that  the  inflation  of the  forward  portion  of  the 
outer  lobes  is assisted  by  the presence  of  the center  lobe.  These 
characteristics  can  be  seen by  comparing  figures  19(a)  and  19(b) with 
figures  16(a)  and  l6(b). 
Aerodynamic  Performance.  ComparL.  -I snnj 
The  slender-wing  analysis  was  applied  to  the  two  parawings  just 
described  in  order  to  evaluate  the  method.  TO apply  the  mechcd,  it is 
necessary  to  obtain  spanwise  canopy  sections  in  planes  normal  to  the 
root  chord  and  fit  circular  arcs  to  these sections.  Using  the  chordwise 
variation  of  the circular-arc  section  properties,  the  detailed  aero- 
dynamic  load  distribution  on  the  parawing  can  be  cowpted,  from  which  the 
gross  aerodynamic  performance  and  the  rigging  line  load  distributions  can 
be  obtained and  compared  with  measured  results.  A  computer  program  was 
written  to  perform  the calculations.  The  canopy  fitting  procedure  and 
the aerodynamic  load  calculations  are  described  below.  The  aerodynamic 
calculations and  comparisons with data were made  assuming  full  leading- 
edge  suction. 
As an  additional  standard  of  comparison,  a  planar  lifting-surface 
method  was  also  applied  to  the  two  parawing  configurations.  The  method 
used is that  of  Multhopp,  as  modified  and  programmed by Lamar  (ref.  9). 
An  arrangement  of  21 spanwise and  10  chordwise  control  points  was  used. 
The predicted  angles  of  attack  at  which  the  measured  lift  coefficients 
are  obtained  were compared with measured  angles.  The  predicted  angles 
were low by  10  and. 27  percent  for  the  single-  and  twin-keel  parawings, 
respectively.  The  differences  are  due  both  to  an  overprediction  of  the 
effect of  chordwise  camber  and  the  inability  of  the  method  to  account 
€or  spanwise  camber.  The  slender-wing  results,  which  follow,  illustrate 
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I better  agreement,  which  is felt  to be  the  result  of accounting  for  the 
large amount  of  spanwise  camber. 
Single-keel  parawinq.-  The  first  task  in  applying  the  theory  to  the 
I 
known  parawing  shape  is  to  determine  spanwise  sections  in  planes  normal 
to  the  root  chord.  The  procedure  adgpted  was  to  use the chordwise  shape 
data of  figure  15  to ob$ain a  y-z  crossplot  at  regular  intervals  of  x. 
Some  typical  y-z  plots  are  shown  in  figure  20  for  several  stations 
alonq  the  chord. 
It is evident from  figure 20 that  theqe  spanwise  sections  do  not 
resemble  circular  arcs,  and  fitging  circular  arcs  to  the  shapes  is a 
somewhat  arbitrary  process.  In order  to  fit  the  arcs  in  a  consistent 
manner,  the  following  approach  was  used.  The  circular arc was  first 
made  to  pass  through  and  terminate  at  the  tip  of  the  section.  Then,  an 
attempt was  made  to adjust  the  circular arc  radius  and  the  center  of 
curvature so that  the  area  (A1  in  the  sketch  below)  between  the  circular 
arc and  canopy  sections  outboard  of  the  point  where  these  two  lines 
cross is equal to the  area  (A2)  between  the  arc and  canopy  inboard  of 
the  point. 
CircuTar-arc  secfions  were  fitted  ;in  this manner  at 2-inch  intervals 
(intervals in  x/cr  of  0.051  where  cr  =  38.9  inches)  along  the  root 
chord,  and  the  quantjties  r, f, and  e  were  measured:  These  quantities 
were  then  plotted  versus  x  and  the  resulting  curves  smoothed.  Finally, 
the  semispan  valueq,  s, were  computed  using  equation  (114)  and  compared 
with  the  planform  deduced  directly  from  the  photogrammetric  data.  Any 
sizable  discrepancies  in span  were  eliminated  by  modifying  the  values  of 
r  and  f, and  the  r  and  f  curves were again  smoothed.  The  resulting 
circular-arc  fits  to  several  spanwise  sections  are  shown  in figure 20. 
The  planform  fit  that  was  obtained  using  this  procedure  is compared with 
49 the  actual  planform  obtained  from  the photogrammetric  data  (as  viewed 
normal  to  the  root chord)  in  figure  21.  The  two planforms  are  in  reason- 
able  agreement,  considering  the complexity  of  the leading-edge  shape. 
A  table  of  the  circular-arc  properties  used  in  the single-keel  parawing 
calculations is given  in  table  I.  Since  only  three  quantities  may  be 
independently  specified,  the  s  values  in  table  I  are  calculated  from 
the  e,  f, and  r  values. 
After a  satisfactory  planform  fit  was obtained,  the  slopes  of  the 
curves  of  r, e,  and  f  versus  x  were obtained  graphically  to  deter- 
mine  dr/dx,  de/dx,  and  df/dx.  These  values  were then  plotted  versus 
x  to  obtain  the  second  derivatives  d2r/dx2  and  d2e/dx2.  The  resulting 
values  were  then  used  as  tabular  input  to  the  computer  program  to  compute 
the loading  distribution.  The  pressure  distribution  was  computed  using 
equation  (70).  From  a  knowledge  of  the  circular-arc  canopy  shape,  the 
direction  cosines  of  the  local  normal  to  the canopy  were  obtained  and 
used  with  the  pressure  distribution  to  obtain  force  distributions  in  the 
normal,  axial,  and  side  directions.  The  normal  force  per  unit  chordwise 
length was  checked  with the  analytically  integrated  values  for  no  suction 
represented  by  equations  (106)-(112).  Finally,  the  chordwise  integrated 
loadings  using  19  stations  along  the  root  chord  were  checked  with  the 
analytically  integrated  normal-force  coefficient  with  and  without  leading- 
edge  suction  using  equations  (113) and  (123).  The  differences  between 
the numerically and  analytically  integrated  values  were  generally  less 
than 2  percent. 
The  nsrmal-force  results  for  the  single-keel  parawing  are  shown  in 
figure 22.  The  ordinate  represents  the  total  normal  force  with  leading- 
edge  suction  up  to  the  chord  station  of  interest,  as  predicted  from 
equation  (113).  The  irregular  shape  of  the  curve  near  the  nose  is 
caused  by  the  difficulty  in  fitting  circular  arcs  to  the  actual  canopy 
spanwise  sections.  The  canopy  span  begins  to  decrease  rapidly  near  the 
87-percent  chord  station,  which  causes  the  loading  to become  negative  in 
the  slender-wing  analysis.  Consequently,  the  total  wing  normal  force is 
taken  as  the  maximum  value,  which  occurs  at  x/cr  =  0.85. 
For  purposes  of  applying  the  theory  as  a  predictive method,  the 
normal  force and  induced  drag  coefficients  predicted  by  the  theory  should 
be  modified  according  to  the  fol1owin.g  comments.  In  the  development  of 
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the  factor  cos a  was assumed  nearly  unity  and  dropped  from  the force 
expressions.  The  angle  a  is in  fact  not  small,  and  the  cos  a  factor 
should  probabJy  be  retained.  Accordingly,  the normal-forcp  coefficient 
presented in figure 22 shovld be  knterpreted  as  Cz/cos a  and  the values 
indicated  should  be  multiplied  by  cos a  to obtain  Cz.  For  induced 
drag,  equations  (87)  and  (85)  indicate  that  a  correction  of  cos2 a  is 
applicable to the induced-drag  coefficient.  Consequently,  the induced- 
drag  coefficient  computed  from  equation  (101)  should  be  interpreted  as 
CD~/COS~  a.  Secondly,  it is well known that slender-wing  theory  tends 
to overpredia$ acqrodynamic  force  coefficiepts,  with  the difference 
increasing  with  increasing  aspect  rafio.  Thus,  a  slenderness  correction 
should  be  applied  to the  pyedicted  force  coefficients.  Finally,  since 
normal  and  drag  forces  represent  a  mixed  set,  the  lift  force  should  be 
determiped  according  to  the  following  equations. 
CL  = c  cos a - C  sin  CL 
Z  X 
CDi  =  C  sin a  +  C  cos a 
Z  X 
Therefore, 
With  the above  noted  corrections,  the  predicted  results  can  be 
compared  with  the  measured  resplts  given  in  the  previous  section.  The 
predicted  normal-force  coefficient  from  figure  22 is 1.53  and  the  induced- 
drag  coefficient  is 0.727.  The  photogrammetric  data  (fig.  15)  indicate 
that  the  root  chord  makes an  angle  with the wind  vector  of  41°.  Thus, 
the normal-force  and  induced-drag  coefficients  corrected  for  the  cos  a 
effect  are  1.154  and  0.413,  respectively.  Using  equation  (156)  , the 
predicted  lift  coefficient  is 1.17,  The  slenderness  correction  is based 
on  the  aspgct  ratjo  of  the  planform  shown  in  figure  21,  which  is 1.56. 
Figure 6-10  of  reference  10  illustrates  some  results  for  lift-curve 
slope for  triangular  wings  having  aspect  ratios  up  to 4  and  indicates  for 
an  aspect  ratio  of  1-56  that  slender-wing  theory  overpredicts  measured 
51 values  by  about  32  percent.  This correction was  applied  to  the  lift  and 
induced-drag  coefficients  noted  above  in  order  to  obtain  the final pre- 
dicted  values. 
The measured  drag  includes  the  effect  of  frictional  effects  as  well 
as  induced  drag.  In  order  to  make  a  comparison  with  measured  drag,  rough 
estimates  of  the  canopy  skin  friction  and  line  drag  were made  using a  flat 
plate,  turbulent-boundary-layer  skin-friction  coefficient,  and  a  two- 
dimensional  drag  coefficient  €or  a  cylinder.  This  calculation  indicates 
a  frictional  drag  coefficient  of  0.06  based  on  flat canopy  area. 
cDO 
The  predicted  results  are  compared with  the  measured  values  in  the 
following  t'able. 
Predicted  Measured 
0.89  0.95  cL 
cD  .37  -39 
The  predicted  lift  coefficient  is somewhat  lower  thaii  the  measured 
value.  This  quantity  is dependent  only  on  the  cross  sectioll  ;.roperties 
at  the  last  station  developing  positive  lift,  according  to  equation  (113). 
In  order  to  determine  the  sensitivity  of  the  predicted  lift  to  the 
circular-arc  fits  to  the  sections  near  the  trailing  edge,  the  actual 
sections  at  four  chordwise  stations  were refit,  keeping  the  same  semispan 
but  varying  the  radius  and  spanwise camber  of  the  circular  arc.  These 
changes  cause  a  change in  Cz  principally  through  dr/dx.  It was  found 
that  the  predicted  Cz  could be  increased  about  20  percent  through 
changes  in  r, e, and  f  that  did  not  appear  unreasonably  large.  Thus, 
for  the  single-keel  parawing,  additional  work  is required  to  develop  a 
rational  approach  for  obtaining  a  unique  circular-arc  fit  to  a  given 
spanwise  section. 
The  measured  and  predicted  drag  coefficients  agree  reasonably  well. 
From  the  relative  sizes  of  the  induced  drag  and  estimated  frictional 
drag,  it is apparent  that  the  induced  drag  is a  major  part  of  the  total 
52 drag  of  a  single-keel  parawing.  The  lift-drag  ratiqs  agree  very  well as 
a  result  of  the  underprediction  of  both  lift  and  drag  coefficients. 
Twin-keel  parawing.-  The  approach  to  calculating  the  aerodynamic 
performance  Of  the  twin-keel  parawing  is similar  to  that  described  above 
for the  single-keel  parawing.  The  first step is to  obtain  spanwise 
sections by  crossplotting  the  chordwise  section  data  of  figure  18.  The 
results  for  several  chordwise  stations  are  shown  in  figure  23.  The 
fitting of circular  arcs  to  these  sections  can  be  made  on  a  more  rational 
basis  than  was  the  case  with  the single-keel  parawing.  The  procedure 
followed  is to  pass  the  circular  arc  through  the  actual  canopy  points  at 
the  vertical  plane  of  symmetry  and  at  the  maximum  span  station  (the 
leading  edge).  Towards  the  center,  chordwise,  of  the  parawing,  the  tips 
of  the  canopy  are  reentrant,  as  shown  in  figure  23.  In  this  case,  the 
maximum  span  station  does  not  correspond  to  the  leading  edge,  and  the 
maximum  span  station  is used.  The  circular-arc  fits  are  also  shown  in 
figure 23.  The  tabulation  of  the  circular-arc  parameters  is shown  in 
table 11.  The  nondimensional  chordwise  values  are  based  on  a  root  chord 
length  cr  of  51.4  inches.  The  resulting  fit  of  the  circular-arc  plan- 
form  to  the  actual  planform  obtained  from  the  photogrammetric  data  is 
shown  in  fiqure  24. 
The  normal  force  results  obtained  using  the  circular-arc  fit  proper- 
ties  described  above  are shown  in  figure  25.  The  local  span  begins  to 
decrease  rapidly  beyond  x/cr  =  0.86  and  a  negative  normal  force  is 
predicted  aft  of  this  point.  Thps  the  total  normal  force is taken  as 
that at  x/cr  =  0.86.  The  dip in the  curve  at  x/cr  =  0.6  occurs  in 
the  region  where  the canopy  tip is reentrant  (see  fig.  23),  and  could 
possibly be  smoothed  by  a  somewhat  different  approach  to  the  circular- 
arc  fit  for  this  type  of  spanwise  section. 
For  purposes of  comparing  predicted  and  measured  performance  of  the 
twin-keel.  parawing,  the same  corrections  were  made  to  the  theoretical 
results  as  were  discussed  in  the  previous  section.  The  predicted normal- 
force  (from  fig,  25)  and  induced-drag  coefficients  are  1.385  and  0.551, 
respectively.  When  these  values  are  corrected  €or  the  COS  a  and 
slender-wing  effects  and  the wing  lift  coefficient  is computed,  the 
following  results  are  Obtained. 
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Predicted  Measured 
0.86  0.84 
.31 
"" 
.36  .33 
"" 
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In  these  calculations,  the  aspect  ratio  is that of  the  planform  illus- 
trated  in  figure  24,  which is 1.76.  The  slenderness  correction  is then 
0.745,  based  on  the  values  shown  in  reference  10.  %e  total  frictional 
drag  coefficient  is estimated  to  be  0.05,  based  on  the  same  approach  as 
noted  for  the  single-keel  parawing.  The  predicted  total  drag  coefficient 
is somewhat  larger  than  the  measured  value,  which  gives  a  lower  lift- 
drag  ratio  than  is measured. 
Structural  Characteristics 
One of  the  principal  advantages  of  a  capability  for  predicting  the 
detailed  load  distribution  on  the  canopy  is the  potential  €or  determining 
line  loads.  Using  the  slender-wing  theory,  an  investigation was  made 
€or  both  the  single-  and  twin-keel  parawings  to  attempt  to  obtain  an 
understanding  of  the  manner  in which  the  distributed  loading  on  the 
canopy  is led  into  the  discrete  support  loads  represented  by  the  rigging 
line  tensions.  In  order  to  make  a  detailed  stress  analysis  of  this 
problem,  it would  be  necessary  to  know  the  shape  of  the  "scalloped" 
leading  edge  and  the  resulting  canopy  aerodynamic  load  distribution  near 
the  leading  edge.  It would  then be  possible  to  predict  the  canopy 
stresses and  to  solve  the  static  force  equilibrium  problem  at  the  line 
attachment  points.  Since  the  canopy  shape  along  the  leading  edge  is 
imperfectly known,  and  the  theory  does  not  model  the  "scalloped"  shape, 
a  simplified  approach  was  taken. 
Methods  of  approach.-  It was  assumed  first  that  the  canopy was  made 
up  of  circular-arc  sections  of  chordwise  width  dx,  on  each  of  which  the 
spanwise  load  distribution  was  known.  Further,  it was  assumed  that  each 
section was  supported  at  the  leading  edge  by  a  "distributed"  line 
tension  dTj/dx  and  at  the  keel(s)  by  a  line tension  dTk/dx.  The 
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tensions on  each  section  to  obtain  the  chordwise  variation  of  the  distrib- 
uted  line  tensions.  These  tension  distributions  were  then  apportioned 
to  the  discrete  lines  by  assigning  a  chordwise  length  of  influence  to 
each  line  and  integrating  the  distributed  tension  to  obtain  the  line  load. 
In this  process,  a  single  confluence  point  for  all  lines  was  assumed  known. 
Thus,  in  the  static  equilibrium  equations  where  the  distributed  line 
tension is used,  direction  cosines  were assigned  to  the  line  tension 
force  as  if  a  discrete line existed  between  the  leading  edge  (or  keel) 
at  that  chordwise  station  and  the  confluence  point. 
Four  approaches  to  the  static  equilibrium  equations  were examined. 
These  are  described  briefly  below  (as  applied  to  the  twin-keel  parawing) 
together  with  comments  on  the  difficulties  with  the  approach. 
Method  (a):  The  x  and  z  equilibrium  equations  on  a  section were 
considered,  as  indicated  below. 
d (Ac,)  dCA  dCTe  dC 
+-  +  2-  COS  a  +  2 - 
S  Tk  cos ak =  0  dx  dx  dx  k?  dx 
d (Ac,)  dCi  dC 
s--  +  2-  Tk 
dx  dx  dx  1  dx  cos y  +-  2 -  cos  yk  =  0 
where  the  leading-edge  suction  coefficient  is taken  as  positive  down 
and  C;  and  C$  are  the  aerodynamic  force  coefficients  due  to  the 
pressure  difference  loading.  The  assumption is made  in these  equations 
that  there  is no  chordwise  variation  in  the  canopy  stress.  However, 
near  the  nose  and  trailing edge  of  the  parawing,  the  canopy  loads  are 
taken  only  by  the  keel  lines.  At these  Sections,  a  differential  chord- 
wise  canopy  tension  force  dox/dx  (assumed  uniform  over  the  section  span) 
was  used  in  the  x  equation,  with  the  value  thus  computed being  high  at 
the  leading  and  trailing  edges  and  dropping  to  zero  (uniform  chordwise 
canopy  tension)  over  the  central  (chordwise)  portion  of  the  canopy  where 
the  leading-edge  lines exist.  A  major  problem  with  this approach is 
that  the  axial  canopy  tension  force  is not  constant  over  most  of  the 
chord but varies  considerably.  As a  result, the  C;  and  (AC,)  forces, 
which  are  weakly  coupled  into  the  line  tension  because  cos  a  and  k? 
55 cos ak  are  small,  tend  to  cause  unreasonably  large  variations  in  line 
tension  to  create  equilibrium  in  the  x  direction. 
Method  (b)  :  The  y  and  z  equilibrium  eqdations  were applied  to 
a  strip of  width  dx  extending  over  only  the  semispan,  using  the  fact 
that on  the  vertical  plane  of  symmetry,  a  knowledge  of  the  principal 
radii  of  curvature  of  the  canopy  and  the  Ap  value will  yield  the  canopy 
stress components.  Thus,  in the plane  of  symmetry 
where  r  is the  radius  of  curvature of  the canopy  in the  y  =  0  plane, 
and  r  is the  radius  of  curvature  in  a  constant  x  plane.  The  shape 
data  indicate  that  rx  is generally  larger  than  r, and  the  assumption 
was  made  that  ux/rx  could be  ignored  over  the  entire  canopy.  The 
resulting  force  equilibrium  equations  neglecting  higher-order  terms  are 
then 
X 
dc;  (AcT~)  dCTe  dC 
S  Tk  -- 
dx 
+
  dx  R  dx  +  2-  dx  k  cos y  +  2 -  cos y  =  0 
Because  of the weak  coupling  of  the  line  tension  into  the  y  force 
balance  equation  (small  cos  B) , this  set  of  equations  is not  well 
conditioned.  Consequently,  one  difficulty  with  this  approach  is that  if 
the  assumption  of  rx >>  r  is not  sufficiently  good  over  the  chord,  the 
computed  values  of  line  tension  tend  to  vary  widely  along  the  chord. 
Method  (c):  It is evident from  considerations  of  two-dimensional 
static  equilibrium  that  the  canopy  tension  (say,  al) in a  y-z  plane 
must be  constant from  the  plane  of  symmetry  out  to  the  keel  line  attach- 
ment  point and  must  also  be  constant  over  the  outer  lobe  (say,  at  02)  , 
as shown below. 
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The  line  tensions  must then  be  o1 +  o2  and  o2  €or the keel and 
leading-edge  lines,  respectively,  from  considerations  of  force  equilib- 
rium  at  the  line  attachment  points,  assuming  the  cusp  angle  at the  keel 
line is zero.  Thus,  y  and  z  equilibrium  equations  can  be written  as 
€allows. 
dC+  d (Acyl  (ol  +  02)  - 
dx  dx  +  s+- 
qs R 
cos p  + 
qs R  qs R  6  cos B,  + -  =  0 
dcg  d(ACZ) 
S  02  (ol  +  02) 
qs R  qs R 
-- 
dx 
+
  dx  +-  cos y  +  6  cos y  =  0  k 
This  set  of  equations  tends  to have  the  poor  conditioning  of  those 
of  the  previous  two approaches,  but  the  assumptions  used  in the  deriva- 
tion  are  not  so restrictive. 
57 Method  (d):  The  chordwise  section  of  width  dx  was  divided  spanwise 
into  portions,  as  shown  in  the  following  sketch. 
Horizontal 
tangent 
\(  dC Tk  /dx 
\- 
circular-arc 
€it 
The  inner  portion  is that  part  between  the  span  stations  (noted  y  )  on 
the  actual  canopy  section where  the  tangent  to  the  canopy  shape  in a 
y-z  plane is horizontal.  The  two  outer  portions  are  those  parts  outboard 
of  3,.  For  each  portion  of  the  canopy,  the  lateral  component  (0 )  of 
the canopy  stress at -t~~  is horizontal  and  does  not  enter  into  a  z 
equilibrium  equation.  Thus,  the  following  two  equations  can  be written 
for  the  inner  and  outer  portions  of  the  canopy,  respectively,  assuming 
that  the  chordwise  canopy  stress  ox  is uniform  over  the  section 
(dox/dx  =  0). 
0 
Y 
dx  cos -yk =  0 
dC4 
dx 
" 
The  division of  normal 
canopy  section  can  be  a 
d (AC,)  dCT 
+ 
S 
0  dx  +2"Losy  dx  R  =o 
force  between  the  inner  and  outer  portions  of  the 
pproximated  by  integrating  the  loading  equations 
from  0  to  yo  and  from  yo  to  s, respectively.  The  assumption is 
made  in so doing  that  the load  out  to  the  span  station  yo  on  the 
circular-arc  section  is the same  as  that  on  the  actual  section.  This 
approach  has  the  advantage  over  the  other  three  of  employing  only  the  z 
58 direction  equations,  into  which  the line  tension  forces  are  strongly 
coupled. 
Theoretical results.-  A preliminary investigation  of  the first two 
methods  described  above  indicated  that  unreasonable  results  would be 
obtained,  in  accordance  with the comments  already  noted.  Consequently, 
calculations were  made  only  for  the  latter two methods.  The  methods 
were applied  first  to the twin-keel  parawing,  since  there  is less 
uncertainty  in  the circular-arc  fits  for  the twin-keel  parawing  than  for 
the  single-keel  parawing. 
The  distributed  line  tension  results  for  the canopy  tension  approach 
(method  (c)  )  are shown  in  figure  26.  The  chordwise  variation  for  both 
the keel and  1eadir.g  edge  is large.  Near  the  65-percent  chord  station, 
the loadings  for  both  the  keel  and  leading  edge  become  negative,  as  a 
result  of  the  properties  of  the  circular-arc  fits  in  this  region.  (This 
result is also  illustrated  in  figure  25.) 
Similar  results  for  the  z  equilibrium  approach  (method  (d)  )  are 
shown  in  figure  27.  Again,  the  chordwise  variation  is large,  and  a 
region  of  very  small  loading  is indicated  near  the  0.60  chord  station. 
These  two  sets  of  results  were  used  to construct  discrete  line  load 
predictions  in  the  following  way.  The  line  attachment  points  for  the 
twin-keel  parawing  are  shown  in  figure  24.  The  x/cr  value  of  the 
midpoint  of  the  line  joining  two  adjacent  line  attachment  points  was 
located  for  all  points  along  the  keel  and  leading  edge.  Each  line was 
then  considered  to  take  the  distributed  load  over  an  x/cr  range  from 
the  midpoint  forward  of  the  line  attachment  point  to  the  midpoint  aft 
of  the  point.  The  appropriate  distributed  loads from  figures 26  and  27 
were integrated  for  each  line  and  are shown  in  figure  28.  The  large 
chordwise  variation  in  distributed  loading  from  figures 25  and  26  is 
carried  over  into  the  discrete line  loads  and  is particularly  evident 
near  x/cr  =  0.6  fpr  both  the keel and  leading-edge  lines.  The 
measured  values  obtained  from  unpublished  Langley  Research  Center  data 
are shown  in  figure  28 to indicate  that  there  is not  the  degree  of 
chordwise  variation  in  the  actual  case  that  is indicated  by  the  predicted 
values,  particularly  for  the  keel  lines. 
59 It is possible that some  refitting of  the circular  arc  sections 
would,provide a more  even  chordwise  variation  of  the predicted  line 
loads,  particularly  since  the  detailed  load  distribution  is affected by 
the second  derivatives  of  r  and  e  as well as  the  first  derivatives. 
A  more  detailed  examination  of  the structural  aspects  of  all-flexible 
parawings  should  include  such  a  study.  However,  an  alternate  approach 
was  examined,  based  an  attenpting  to  derive  a  simple engineering method 
for  estimating  line  loads. 
It was  noted  previously  that  the  predicted  total  forces  or, the 
parawinp  aLe  determined  by  the  circular-arc  section  properties  near  the 
maximum  span  station  toward  the  trailing  edge.  First,  it is assumed  that 
the total normal  force is distributed  uniformly  chordwise  over  the  plan- 
form,  SO that  dCZ/dx  is constant.  This  assumption  appears  reasonable 
based  on  the  results  of  figures  22  and  25.  Method  (d) was  then  adopted 
for  computing  the  distributed  line  loads.  The  further  assumption  is 
made  t3at  the  division  of  load  spanwise  between  the inner and  outer  por- 
tions  of  ar.y  section is determined  in  part  by  the  yo/s  value  at  the 
maximum  span  station.  A  further  assumption  must  now  be  made  as  to  the 
form of  the  span  load  distribution  curve.  The  two  alternatives examined 
were a  rectangular  span  load  distribution  and  a  distribution  given  by 
the  slender-body  solution  €or a  flat wing  (1/11 -  (y2/ss)  ) , both 
illustrated  in  the  sketch  below. 
t Load 
Y/S * rl 
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60 The  goal with this approach  is to  derive  a  method  based  on  knowledge  only 
of  the parawing  section  properties  at  the  chord  station  near  the  trailing 
edge  where  the loading  just  goes  negative  according  to the slender-wing 
method.  This  approach was  applied to both the single-  and  twin-keel 
parawings,  and  the predictions  were  compared  with  measured  values.  The 
results  are  described  in  the  following  sections. 
Single-keel  parawing  results.-  The  approach  described  above was 
applied  to  the  single-keel  parawing  defined  in configuration  by 
figures  14  and  21 and  table I.  The  discrete line loads  were  predicted 
using the aerodynamic  loads  predicted  by  the  slender-wing  theory,  as 
corrected  for  the  cos a  and  slender-wing  factors  discussed  previously. 
The  measured  line  loads  were  obtained  from  reference 7.  The  values 
for  q =  2  psf  were  used.  An  initial check was  made  on  the  force 
balance on  the  parawing  by  comparing  the  measured  normal  force  obtained 
from  the  lift  and  drag  with  the  sum  of  the  z  components  of  the  line 
tensions  obtained  from  the measured  line  tensions  and  the  direction 
cosines  of  the  lines.  The  Cz  value  obtained  from  the measured 
and  CD  is 0.973,  and  the sum  of  the  line  tension  components  in  the 
normal-force  direction  is 1.1,  which  is 13  percent  greater.  Although 
the  line  tension  and  aerodynamic  data  were  obtained  in  different  tests, 
the  only  known  difference  between  the  tests  is the  q  value,  which 
should  not  account  for  the  13-percent  difference. 
cL 
The  comparison  of discrete  line  Loads  is shown  in  figure  29.  For 
the  keel  lines  (fig.  29(a)),  the  predicted  values  generally  tend  to 
follow  the  chordwise  variations  shown  by  the  data.  The  two  predicted 
curves  bracket  the  data,  with  the  rectangular  span  load  results  being 
higher,  as  would  be  expected.  For  the  leading-edge  lines  (fig.  29(b)), 
both  predicted  curves  are  generally  lower  than  the  measured  values, 
with  the  slender-wing  solution  giving  the  higher  values. 
It is apparent  from  these  results  first  that  both  span  load 
distributions  place  relatively  too  much  lift  on  the  inner  part  of  the 
canopy  and  too little on  the outer part.  One  possible reason is an 
overestimation  of  leading-edge  suction.  All of  the  line  load  calcula- 
tions were  carried  out  assuming  full  suction.  Since  suction  acts  in  the 
same  general  direction  as  the  line  tension,  loss  of  suction  would  require 
additional  line  loading  to  balance  the  lift  due  to  pressure  difference. 
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I Secondly,  the  sum  of  the  keel  and  leading-edge  line  tensions  appears  low 
compared  to  the  measured  values.  The  reasons  for  this  are  first  that  the 
total  predicted  lift  is lower  than  the  measured  value  by  about  7 percent 
and  secondly  that  the  measured  line  loads  exceed  the  measured  lift  by 
13  percent,  as  indicated  above. 
Twin-keel  parawinq.-  The  twin-keel  parawing  to which  the  line  load 
method  was  applied is defined  by  figures  17 and  24  and  table 11.  As in 
the  single-keel  parawing  case,  the  aerodynamic  loading  was  corrected  for 
the  cos  a  and  slender-wing  factors  discussed  previously. 
The  measured  line  loads  were obtained from  unpublished  NASA  data 
obtained  at  the  Langley  Research  Center.  The  data were obtained  at 
q =  2  psf.  The  force  balance  check  between  the  line  loads  and  the 
canopy  aerodynamic  loads  indicate  that  the  sum  of  the  z  components  of 
the  line  tension  is 14  percent  greater  than  the  normal  force  obtained 
from the measured  lift  and  drag  coefficients. 
The  comparison of  discrete line loads is shown  in  figure  30.  For 
the  keel  lines  (fig.  30(a)),  the  predicted  values  generally  tend  to 
follow  the  chordwise  variation  indicated  by  the  data,  except  at  the 
leading and  trailing  edges.  At these two  stations  (keel  lines  1 and  12), 
the  keel  lines  were considered  to  carry  the  entire  span  load  rather  than 
having  the  load  divided  between  the  keel  and  leading-edge  lines;  this 
assumption  then  accounts  for  the  high  predicted  loads.  The  rectangular 
span  load  curve  tends  to  agree  well with  the  data,  whereas  the  slender- 
wing  span  load  results  are  generally  low.  For  the  leading-edge  lines 
(fig.  30(b)),  the  chordwise  variation  of  the  predicted  line loads  follows 
the  variation  shown  by  the  data.  The  slender-wing  span  load  results 
tend to agree  well  with  the  data,  whereas  the  rectangular  span  load 
results  are  generally  low. 
These  results  indicate  first  that  the  sum  of  the  keel  and  leading- 
edge  loads  is somewhat  lower  than  that  indicated  by  the  data.  The 
comparison on  overall  aerodynamic  loads  indicates  that  the  theory  predicts 
reasonably  well  the  measured  lift and  drag  on  this  parawing.  However, 
the measured  line  loads  exceed  the  measured  normal  force,  which  would 
tend  to  account  for  the  line load  data  being  generally  higher  than 
predicted  loads.  Secondly,  the  actual  division  of  load  between  the  keel 
62 and  leading-edge  lines  seems  to  fall  about  halfway  between  the  rectangular 
and  slender-wing  span  load  results. 
CONCLUDING  "ARKS 
All-flexible  parawings  are  characterized  by  large  amounts  of span- 
wise camber.  Consequently,  planar  lifting-surface  theory  is inadequate 
for  predicting  the  canopy  aerodynamic  load  distribution  and  a  new 
aerodynamic  theory  was  developed  specifically  adapted  to  the  all-flexible 
parawing.  The  method  is based  on  the  use  of  slender-body  theory  and 
considers  spanwise  sections  in  the  crossflow  plane  to  consist  of  circular 
arcs  which,  from  section  to  adjacent  section,  may  translate and  dilate. 
The  theory  yields  the  spanwise  and  chordwise  distribution  of  loading, 
the  distribution  of  suction  along  the  leading  edge,  and  the  induced 
drag. 
Since  the  circular-arc  fits  to  all-flexible  parawings  tend  to 
yield  nearly  conical  wings,  systematic  calculations  were made  for  conical 
parawings  to assess the  importance  of  spanwise  camber.  The  lift-curve 
slope  increases  with  increasing  camber,  such  that  a  parawing  having  a 
semicircular  cross  section  has  a  50-percent  higher  slope  than  a  flat 
wing  of  the same  aspect  ratio.  Spanwise  camber  also  affects  the  role 
that  leading-edge  suction  plays  in  the  overall  forces,  in  that  loss of 
suction  causes  an  increase  in normal  force  with  camber  but no  change  in 
normal  force  without  camber.  In addition,  spanwise  camber has  a  favorable 
effect on  the  ratio  of  normal  force  to  induced  drag  for  both  the  full- 
suction and  the  vortex-lift  cases. 
The  slender-wing,  circular-arc  method  was  applied  to  two  specific 
parawings  for  which  both  aerodynamic,  line  tension,  and  shape  data 
exist.  For  both  the  single-  and  twin-keel  parawings,  the  measured  shape 
data  were  used  to  obtain  spanwise  sections  normal  to  the  root  chord, 
which were then  fit  with  circular  arcs.  Application  of  the  aerodynamic 
theory  to  the  two  circular-arc  parawing  models  resulted  in  predicted 
lift  coefficients  that  are  within  3  and  6  percent  of  the  measured  values. 
In making  the  comparisons,  a  correction was  made  to account  for  the 
tendency  of  slender-wing  theory  to  overpredict  lift  at  moderate  aspect 
ratios.  The  predicted  induced  drag  was  within 20 percent  of  the  measured 
63 total  drag,  which  tends  to  indicate  that  most  of  the  drag  for  a  parawing is 
induced  drag.  With  the  addition  of  rough  estimates  of  the  line  and 
canopy  frictional  drag,  the  predicted  total  drag  coefficients  were within 
6  and  9  percent  of  the  measured  values.  It is felt on  the  basis  of  these 
comparisons  that  the  slender-wing,  circular-arc  method  does  account 
properly  for  the  chordwise  and  spanwise carciber  present  in  all-flexible 
parawings. 
The  manner  in which  the  predicted  canopy  aerodynamic  loading  is 
transmitted  by  stresses  in  the  canopy  to  the  rigging  lines  was  investi- 
gated.  An  approach was  evolved  in  which  "distributed"  line  tensions  were 
computed  using  section  span-load  distributions,  and  discrete  line  loads 
were  then  calculated  by  allotting  portions  of  the  continuous  line  loads 
to each line.  Use  of  the  predicted  cho.rd load  distributions  for  both  the 
single-  and  twin-keel  parawings  resulted  in  considerably  greater  variations 
chordwise  between  the  line  loads  than  are  indicated  by  the  measured  values. 
The  probable  cause  is the  circular-arc  fits,  since there is no  way  of 
assessing how  accurately  the  distribution  of  loading  over  the  canopy  is 
predicted.  An engineering method  was  evolved  in  which  the  total  normal 
force was  distributed  uniformly  over  the  chord,  and  the  division  of  load 
spanwise  between  the  keel  and  leading-edge  lines  was  governed  by  either 
a  rectangular  or  a  slender  flat-wing  span-load  distribution.  This  approach 
was  found  to  give  reasonable  agreement  with  measured  line  loads,  with  the 
comparisons  indicating  that  for  the  twin-keel  parawing  the  actual  span 
load  distribution  is probably  between  the  rectangular  and  slender-wing 
loadings  on  the  average.  It is felt  that  this  approach  would  be  useful 
in  assessing  the  general  distribution  of  aerodynamic  loads  between  lines, 
but a  much  more  complex  canopy  stress analysis  considering  the  local 
canopy  shape  in the line attachment  regions  would  be  necessary  to  obtain 
accurate  predictions  of  each  line  load.  Such  an  investigation  should 
probably  await  the  verification  of  the  capability  of  the  slender-wing 
method  to  predict  accurately  the  detailed  aerodynamic  load  distribution 
on  the  canopy. 
Finally,  several  comments  are in order  with  regard  to  basic  limita- 
tions and  growth  potential  of  the  slender-body  method  developed.  One 
basic  deficiency  of  slender-body  theory  is that  the  Kutta  condition  is 
not  imposed  at  the  trailing  edge.  In  the  present  application,  this 
64 limitation  does  not  permit  calculation  of  canopy  loads  aft  of  approximately 
the maximum  span  station,  which  occurs  near  the  85-percent  chord  point. 
Thus,  the  tension  distribution  in the canopy  cannot  be  completely  deter- 
mined,  and  the  line  tensions  for  the  most  rearward  lines  cannot  be 
predicted.  Secondly,  a  shape  determination  method  starting  with  the  flat 
canopy  and  rigging line characteristics  has  not  been  developed.  Such  a 
method  is necessary  to  provide  a  complete  capability  €or  predicting 
aerodynamic  loqd  distributions  and  canopy  and  line  structural  loadings. 
It is felt  that  some  additional work  should be  done  to  verify,  and 
perhaps  improve,  the  methods  described  herein  before  a  shape  determination 
method  is evolved. 
With  regard  to growth  potential,  one  important  feature  of  the  slender- 
body  method  is its potential  for  handling  both  deliberate  canopy  shape 
changes  and  bumps.  The  sorts of  deliberate  canopy  shape  changes  that 
might be  considered  are  aspect  ratio  changes,  changes  in  the  size  and 
shape  of  the  center  panel  of  a  twin-keel  parawing,  or  changes  due  to 
shortening lines for  control  purposes.  The  present method  could be 
employed  to  predict  the  relative  changes  in the aerodynamic  performance 
due to  these  types  of shape  changes.  For  bumps,  it is felt  that  the 
present method  could be  extended  to  consider  deviations  of  the  canopy 
spanwise  sections  from  circular  arcs  by  including  higher  harmonics  in 
the  spanwise  shape  specification.  Such  an  extension would  provide a 
capability,  in particular,  for examining  the  aerodynamic  and  tension 
loadings  due  to  the  local  bumps  near  line attachment  points.  However,  it 
is probable  that  many  Fourier  harmonics  would  be  required,  and  the 
calculations would  be  lengthy. 
Nielsen  Engineering  &  Research,  Inc. 
Mountain  View,  California 
February  27,  1970 
65 APPENDIX  A 
EVALUATION  OF AN  INTEGRAL  OCCURRING 
IN THE  INDUCED-DRAG  CALCULATION 
It is required in the derivation of  the expression for  induced  drag 
that  the  following  integral  be  evaluated. 
J  (k) = &f  tad-' (  sin  B  )  k  sin B  dB 
0  dl - k2cos2 f3  7/1 - k2cos2 
7r 
k  sin B  +  - k2cos2 
f3  ]  -k  sin B  +  dl-  - k2cos2 B  1/1 - k2cos2 B 
k  sin B 
dB 
0 
T/2 
= hJ  1n[  1 - k2cos2 f3 ]  k  sin f3 
0  1 - k2Cos2  f3  dl - k2cos2 f3 
If 
7r 
I(k) =I  In  [k  sin  B  +  1(1 -k2Cos2  k  sin f3 
dl - k2cos2 B 
0 
then 
J(k) = k2  [I(k) +  I(-k)] 
Integration by  parts  yields 
I  (k) = - In  k  sin B  + 41 - k2cos2 6 ] sin-'  (k  cos  B) 
66 =  sin-’  k  lnd-  + i, 
kx  sin-’  (kx)  dx 
0  (1 - x2) (1 - k2X2) 
The  integral is to  be  found  in  reference  11,  p.  607. 
I(k) =  sin-‘  (k) lnvm  - $d- 
The  final  result  is from  equation  (A-3) 
J(k)  =:  - -  2k2  In (1 - k2) 
Appendix  A 
(A-5) 
67 APPENDIX  B 
DETERMINATION  OF CERTAIN  DIRECTION COSINES 
In  determining  the  effect  of  leading-edge  suction  and  vortex  lift 
on  normal  force and  induced  drag,  it is necessary to know  the  direction 
cosines  of  certain  directions  associated  with  the  lifting  surface.  For 
surfaces formed  from  the segments  of  circular  cones,  such  as  that  shown 
in  figure  6,  the  cross  sections  parallel  to  the  y-z  plane  are  all 
circular  arcs,  and  the  x-y  plane i.-  ihe -hard  plane.  Plane  OAC  is 
tangent  to  the  lifting  surface  at  its left edge.  The  unit  vector  n2 
is in  the  plane  OAC  and  lies normal  to  the  leading  edge.  It is the 
direction  in  which  the  leading-edge  suction  is usually  directed.  Under 
the  assumption  used  herein  to  evaluate  vortex-lift  effects,  it is 
assumed  that  the  leading-edge  suction  force  is rotated 90  from  n2  to 
n,,  where  it is perpendicular  to  the  leading  edge  and  the  lifting 
surf  ace. 
"+ 
0  -c 
-t 
Let  us  first  determine  the  direction  cosines  of  nl.  If  the  plane 
4 
OAC  has  the  equation 
Ax+By+Cz=O  (B-1) 
then 
cos  ( nl ,  x) =  A 
VA2 +  B2  +  C2 
cos (n,  ,y)  = 
B 
YA2 +  B2  +  C2 
cos  (n, ,  z) = 
C 
7/A2 +  B2  +  C2  J 
From  the  equation  of  OA 
sx+cy=o  r 
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and  that  for  OC 
S 
C 
-  m 
r 
x-ztan$=O 
we can write the  equation  of  plane  OAC  as 
With  the  definitions 
f 
= qFTz 
tan  =  1 - 2k2 
2ky" 
the  direction  cosines  for  n,  are 
-c 
-2k q-  (sm/cr) 
R  cos  (n,  x) = 
cos  (n,  z) =  (1 - 2k2) 
R 
s2  m 
r 
R'  =  1 +  4k2(1 - k2) - 
2 
C 
The  direction  cosines  of  n2  are  obtainable  from the  coordinates 
-c 
of  the  line  CD  lying in the  plane  OAC  and  normal  to  OA.  The 
coordinates  of  C  are 
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and  the  coordinates  of  D  are 
- (. 
+
c
:
  m 2  ’  -S  s2 
m 
r  r 
- 
c2  1+7 
(B-10) 
From the  coordinates  of these  points,  the  direction  cosines  of  n2  are 
found  to be 
d 
-(1 - 2k2)  (sm/cr) 
cos  ( n,  x) =  J”.  l+F 
cos (n, ,y)  = $3 
R 
r 
-2l4-  dlzg 
cos  (n,,  z) =  r 
R 
(B-11) 
70 APPENDIX  C 
TABULATION  OF  CANOPY  COORDINATES 
FOR  SINGLE-KEEL  PARAWING 
The  following  pages  are  a  reproduction  of  the  printed  computer 
output  for  the  canopy  coordinates  obtained  photogrammetrically  at  the 
Lancjley  Research  Center  from  the  stereo photographs  of  the single-keel 
'parawing in the wind  tunnel.  The  coordinate  system  used  in  the  data 
presentation is illustrated in the  sketch  below. 
Confluence 
point  Y 
tion, 
also  root  chord 
The  origin  of  the  dkis system is on  the  sting  at  the  confluence  point  of 
all the  rigging  lines  except  the  two  tip  lines  and  the  las:  keel  line. 
The  x'-axis  is parallel to the  keel  chord,  positive  downstream.  The 
positive  x'  direction is upwards  towards  the  canopy,  and  the  positive 
y'  direction  is in  accordance  with  a  right-hand  system. 
The  data  consist  of  a  point  identif.ication  number,  followed  by  the 
x', y', and  z'  coordinates of  the  point,  nondimensionalized  by  the 
characteristic  length  hk.  For  the  parawing  tested,  hk  =  60  inches. 
Points 1-11  are  the  canopy  line attachment  point  coordinates  for  the 
keel  lines  1-11,  respectively.  Points  12-17  are  the  canopy  line  attach- 
ment  point  co.ordinates  of  the  leading-edge  lines  1-6,  respectively.  For 
the  remainder  of.  the  coordinates,  generally  a  single  streamwise  set of 
points  having  about  the  same  y'  coordinate  was  read  starting  at  the 
1.earlinq  edge  and  working  aft.  The  sets  start  at  the  keel  and  move  out 
towards  the  tip. 
71 Point 
NO.  ''4 
1  -.777r1 
2  -.67370 
4  -.54556 
3  -.lo197 
-.491b4 
6  -.4i,jl6 
7  -.3?597 
9  -.23699 
9 
I?  -.loa47 
-.lbaos 
11  -.55536 
I ;! 
13  -.hn195 
-.68955 
14  -.52192 
1'1  -.4068Y 
16  -.LR448 
17  "17171 
I9  -.71220 
19  -.674'79 
23  -.66'129 
21  -.h4875 
22  -.b2  i77 
23  -.59538 
25  -.57215 
24  -.59403 
2b  -.54445 
77  -.53727 
2H  -.514C3 
29  -.49935 
7 ,: 
31  -.457hS 
33  -.427Y4 
32  -.44!71 
34  -.40104 
35  -.3tlR51 
33 
77  -.37351 
-.389?5 
34  -.1Sh01 
4 .-,  -.34,!10 
42  -.7r<?b 
4!  -.31S\I 
4' 
4.1 
-.2d71B 
4 ', 
-.274v5 
43 
-.?j753 
- .  i  J I,  .-,  2 
47  -.71<96 
4d  -.2?751 
*-I 
7:  -.l67')7  -.  lRi75 
-.47n3~ 
34  -.37217 
y'4 
.01)000 
.039G1 
.@3503 
.0328r) 
.O3 57  0 
.03220 
.Or)  94 6 
.01045 
.03401 
.OD  775. 
.003OO 
.09Z9A 
.1b424 
.22  316 
.31746 
.36  7117 
.3d207 
.02 126 
.OlR73 
.00662 
-01  174 
.00576 
.oo  3R4 
.O3901 
.31 I A  3 
.00716 
.O3783 
.c7754 
.On746 
.034BC 
.C?37C 
.Cli53 
.01n35 
.i,jh?O 
..?)I37 
.0373@ 
.GI  165  "  11  zj <,  5 
.3;  J  I  'I 
.n3  z 1 I 
.. 
.n-  27 I 
.91 In  1 
.,??  j74 
..I1  537 
.-I  ,59 
.31  lr4 
.92 :h 
.31  1.17 
.r'131h  .  :7  13  5 
- 
1.17923  Kl 
1.16419  Kz 
I. 17326  K3 
1.23354  K5 
1.18731  u 
1.22515 
1.2~334  K6 
10 
I .21abb  R8  Suspension  Ue 
1.211567  Rq  attachment  points 
1.17831  R10 
1.14844 
1 .I2923  Kl 1 
IE1 
1.11101  Is2 
1.11552  E33 
IE5 
E6 
1.37370  IEb 
1 .Oi 747 
.96742 
1.15514 
1.13125 
1.17712 
1: 19542 
I. 19947 
1.22543 
1.19737 
1.2188h 
1.21395 
1.2254Y 
1.27061 
1.22953 
1.?2690 
1.22953 
I  .2  5600 
1.24192 
1.24646 
1.23717 
1.2'\261 
1.275hl 
1.2%744 
1.221.42 
1 .;!ihZO 
1 .?in22 
1.Z34fdI 
I  .2  1499 
1.2?74: 
1.23165 
1 .'4'7/ 
I  .2/445 
- 
1 .2z6ao 
1.22044 
1  .LZ  787 
Point 
NO. 
51 
54 
52 
5'1 
5 't 
5 o 
57 
5n 
bJ 
59 
61 
62 
63 
64 
65 
66 
67 
hS 
69 
71 
7? 
72 
73 
74 
75 
77 
7'. 
7d 
11 
83 
41 
42 
8% 
85 
a5 
87 
Rd 
q -, 
31 
YI 
93 
32 
.i '. 
75 
47 
.i '.I 
',.I 
-1 I 
I  j: 
a3 
X '/hk 
-.71767 
-.7l'*dl 
-.63457 
"71514 
-.a3115 
-.a7815 
-.h7?61 
-.bhlO7 
-.65945 
-.e1420 
-.62511 
-.  5CYb5 
-.bo224 
"55339 
-.54513 
"53701 
-.52q36 
-.io759 
-.31503 
-.49445 
-.4d71h 
-.47439 
-.+Y>82 
-.4bb57 
-.45860 
-.45241 
-.44432 
"43577 
-.42771 
-.41551 
-.41141 
-.40487  -.  39694 
-.  I  u  329  -.  39036 
-.36792 
-.372R6 
-.35Jh9 
-.351?6 
-.37'>?7 
-.137.38 
"31.57 
-.3/4qg 
-.  3l?b7 
-,  3s  13'1  -.  74  114 
-.i<q13 
-.?d?15 
-.,I421 
-.(,a571 
Y  '1% 
.00388 
.0'3456 
.On127 
-03 155 
.53464 
.Q7 I2C 
.99145 
.30934 
.c3337 
.33714 
.co  378 
.03  322 
.33335 
.OD  375 
.03 376 
.03  198 
.O3173 
.@?I64 
.0@106 
.?J230 
.(>3  393 
.OD742 
.rJ)3277 
.0337c 
.0'33R1 
.00090 
.03428 
.PO293 
.OD 169 
.?TrJb4 
.3OIl71 
.a3293 
.03  178 
.031h8 
.03314 
.'I3552  .  j3  739 
.235H2 
-03 169 
.i)?36'1 
.J3 370 
.3?  395 
.~37272 
.jj173 
.@3601 
.O?314 
.:'?  2 3 I 
.13'1"3 
:l'  _/vq 
.or] 797 
1.14519 
1.14723 
I.  li528 
1.17567 
1.17275 
1.17645 
I. 18254 
I. Id569 
1.19345 
1.195~3 
1.20755 
1.21054 
1.21117 
1.21R70 
1.22C06 
1.22253 
I. 224m 
1 .22847 
1.22957 
I .2?179 
1.22484 
1.2?Y51 
1.232JC 
1.21452 
1.23543 
1.23637 
I .2na5~ 
1.23828 
1.23449 
1.23372 
1.23305 
1.23697 
1.24364 
1.24293 
1.24341 
1.25436 
1.25534 
1.25730 
1.25487 
1.25132 
1.24294 
. 1.24  709 
1.2395~3 
1.24159 
1.24974 
1.25432 
1.25318 
I .25776 
I  .Zi86l 
1.75496 I 1:) 
112 
Iil 
113 
114 
113 
11, 
117 
117 
lld 
120 
121 
123 
122 
124 
125 
12.1 
12  1 
I29 
I13 
13Q 
131 
132 
133 
!34 
135 
135 
I31 
173 
131 
147 
141 
143 
142 
144 
I45 
146 
147 
1 't  3 
14') 
151 
-.?,77? 
-.L614? 
-.25151 
-.23Ql+ 
-.?45nk 
-.23325 
-.226n7 
-.2117J 
-.21295 
-.27327 
-.19524 
-.13166 
-.I8753 
-.16778 
-.I7380 
-.lb153 
-.15433 
-.  12602 
-.1465C 
-.I1978 
-.11092 
-.09596 
-.lo296 
-.09933 
-.'I8138 
-.07249 
-.os013 
-.72100 
-.69184 
-.68153 
-.66747 
-.65451 
-.63?93 
"62752 
-.63538 
-.57H81  -.  5944R 
-.53?93 
-.54734 
-.51658 
-.4R154 
-.47458 
-.444'x1 
-.45V66 
-.42357 
-.'t153"  -.  +05Y7 
-.39'91 
-.37567 
-.  so~a 
.O'l  J 1 7 
.OliC7 
.0?  i69 
.073h4 
.0Q754 
.OCLH> 
.P3454 
.03527 
.01225 
.0?Y46 
.??do7 
.go530 
.3D36@ 
,00234 
.00785 
.01160 
.DO023 
.0@702 
.03556 
.no195 
.09530 
.O3557 
.03d09 
.01  13  1 
.03436 
.00352 
.5s.l05 
.03507 
.00122 
.0'3133 
.03438 
.C7303 
.00712 
.oI)  3Y 5 
.03125 
.CJ  20 1 
.03325 
.O,lOR3 
.034d4 
.O'3Z6 
.O?i54 
.C?  362 
.3i'7!24 
.,I3557 
.!l?43 3 
.!lC'485 
.!I3394 
.a3 )5Y 
.on  368 
.os48 
1.2532; 
I.25?64 
1.24 362 
I  .2419O 
1.24371 
1.24370 
1.24452 
1.24561 
1.24517 
1.25135 
1.24325 
1.23852 
1.23456 
1.22869 
I .22861 
1.23233 
1.234311 
1.21757 
1.23324 
1.21248 
1.20147 
1.20013 
I.  19591 
1.19163 
1.19323 
1. LOO92 
1.15582 
I.  17402 
1.10107 
I.  LA799 
l.lq291 
I  .2Wh5 
1.21227 
1.21487 
1.71677 
1.22'459 
1.2.?117 
1.2757Y 
1.23454 
1.23435 
1.  23,146 
1.22996 
1.23439 
I  .24'391 
1.24103 
1  .2-3 44 R 
1.21304 
1.24471 
1.25127 
1.2~Y13 
-.  3') 146 
-.33"02 
-.321"5  -.  3,>5'j4 
-.2*253 
-.27172 
-.?514a 
-.246ul 
-.?>I56 
-.?I752 
-.?,'I22 
-.  I7441 
-.I6737 
-.14442  -.  13,??4 
-.LO855 
-.1111.14 
-.I)  7469 
-.724711 
-.72422 
-.  72058 
-.72211 
-.714Y9 
-.7r166 
-.69553  -.  70;139 
-.69!7Y 
-.6C)47 
-.6rJ345 
-.67176 
-.55324  -.  ~'Jh33 
-.65114 
"5426) 
-.63>')3 
-.52112 
-.6')757 
-.6C3?7  -.  59.i45 
-.53434 
-.5Y'\7 
-.5i.*11 
-.57733 
-.5495') 
-.54lll 
-.5331- 
-.i?iIl 
-.31,11n 
-.nq?83 
-.b)ato 
1.25523 
1.2460R 
1.2iY3C 
1.2blZQ 
1.2b101 
1.25396 
1.25717 
1.?4541 
1.24142 
1.24931 
1.24444 
1.2415'2 
1 .2'112b 
1.23611 
1.235d6 
1.22631 
1.21247 
1.20354 
1.27351 
1.14258 
1.15175 
1.15937 
1.17292 
1.17673 
1.18533 
I.  18641 
1.18499 
1.19102 
1.193711 
1.20981 
1.2C50C 
1.21454 
1.217Q2 
1.22024 
1.21867 
1.21q41 
1.225  35 
1 .23732 
1.23325 
1.23506 
1.23547 
1.23275 
1.22330 
1.23281 
1.235JL 
I .24365 
I  .24082 
1.24302 
1.2~23~ 
1.21508 
?,  1 
272 
In3 
204 
LG5 
/31 
20'1 
2CY 
739 
?11 
211 
217 
il 
214 
?lj 
217 
217 
213 
219 
2 2c 
22  I 
222 
223 
224 
225 
226 
227 
C2Y 
22" 
2 33 
231 
? 32 
23? 
234 
233 
z +5 
? 17 
?3r1 
230 
24' 
241 
742 
2 4 1 
244 
24  i 
240 
247 
243 
249 
253 
-.51036 
-.5J353 
-.4a556 
-.49963 
-.47112 
-.46121 
-.4539R 
"45404 
-.445!?4 
-.4 37?'> 
-.42')73 
-.<1>17 
-.+I335 
-.4'?hE7 
-.3?Y43 
-.39214 
-.3636Y 
-.37h49 
-.36d52 
-.3(1214 
-.34580 
-.33225 
-.32597 
-.31377 
-.39537 
-.312hl 
"29756 
-.zad59 
-.2d22H 
-.25q4? 
-.27312 
-.?'+529 
-.23143 
-.23134 
-.324911 
-.21145 
-.20W7 
-.LO125  -.  19386 
-.le531  -.  11715 
-.165a2 
-.I5192  -.  14957  -.  14230 
-.13467 
-.I2313 
-.12129 
-.I3375 
-.39bCP 
.;7940 
.)I776 
..I1 757 
.3$43h 
..23331 
.03454 
.9?i7b 
.r-,  75s 
.3ll4  I 
.*?l  151 
.01 24b 
.'I1254 
.9lZ93 
-01  144 
.a1  195 
.03')22 
.017RO 
-03134 
.03 167 
-01317 
.01155 
.01236 
.O12lb 
.01236 
.00910 
.53 41  b 
.,I3708 
.a0915 
.00631 
.00h90 
.3c955 
.01210 
.01011 
.SIH96 
.OORlZ 
.00792 
.O'J45h 
.0!215 
.00287 
.0019il 
.00871 
.I30864 
.a0425 
.c3199 
.03222 
.OD285 
-03  138 
.03799 
.r)3499 
.0)3446 
1.23907 
1.2,hbl 
1.23592 
1.2'0569 
1.24290 
1.24476 
1.24703 
1.24865 
1 .2461d 
1.24474 
l.C'tZb2 
1.24446 
1.2420@ 
1.24961 
1.2527d 
I .25 7bb 
1.25362 
1.26191 
1.26101 
1.25160 
1.25511 
1.25423 
1.25611 
1.25847 
I .2b24 1 
1.26125 
1.26593 
1.26519 
I.  267lC 
1.25991 
1.26514 
1.25394 
1.25456 
1.25431 
1.256'32 
1.25555 
1.25193 
1.25607 
1.24918 
1.24325 
1.2429(! 
1.24261 
1.24263 
1.24262 
1.23706 
1.23293 
1.22695 
1.21327 
1.25781 
1.21191  g 
lil 
5 
a 
n 251 
253 
252 
255 
2  54 
256 
25  7 
258 
2  59 
26': 
261 
262 
253 
264 
265 
267 
Z6h 
263 
?69 
270 
271 
272 
27) 
27G 
275 
273 
277 
270 
28' 
279 
281 
ZRZ 
284 
2dP 
285 
287 
286 
28. 
203 
79  1 
293 
2V? 
294 
296 
295 
2 9  7 
ZV!l 
2?V 
j,!  i 
2nd 
-.e8941 
-.0828t1 
-.36482 
-.35927 
-.I5475 
-.72317 
-.72?67 
-.69732 
-.71582 
-.68679 
-.67676 
-.65272  -.  54559 
-.  61355 
-.63159 
-.  5963  9 
-.58lll 
-.54983 
-.53525 
-.51913 
-.50407 
-.49146 
-.47702 
-.46202 
-.44565 
-.43072 
"42534 
-.40741 
-.39353 
-.37150 
-.36148 
-.34536 
-.31952 
-.3329s 
-.30531 
-.28P41 
-.27439 
-.24511 
-.25777 
-.21733 
-.23025 
-.19957  -.  I7247 
-.15b4h 
-.I4189 
-.I1591  -.  11  :v54 
-.1.?12~ 
-.  1711- 
-.JP4"4 
.00174 
.03 134 
.J1  191 
.01327 
.01707 
.02"15 
.01703 
.0143H 
.01980 
.01  130 
.021!37 
.'15711 
.31 316 
.CI 396 
.PI >04 
.a1733 
.01h90 
.Ol 167 
.a1 iRS 
.a1545 
.0IVJ34 
.31943 
.@I  793 
.dl+lQ 
.3L  ti 1  I 
.92'122 
.01964 
.01'191 
.015dI 
.01743 
.01338 
.02317 
.017bU 
-01  53  I 
.013?0 
.019 19 
.01 731 
.Ol623 
.@1'110 
.1)i25 
-01 194 
.034n9 
.ol.xn 
1.20Y21 
1.2@519 
1.17740 
1. I7295 
1.16137 
1.16301 
1.1772b 
l.IBii97 
I. 19827 
I  a  19934 
1.21127 
1.27-779 
1.2>3O 
1.22475 
I .27HlC 
1 .2 3 7'39 
1.23h0I 
I .23>00 
1.2L455 
1.24170 
1.2..  .*4 
1.L  a1  J 
1.2G5?4 
1.2~12E. 
1.24104 
1.24HlZ 
1.24563 
1.25216 
l.Zb62i. 
1.26183 
I.Lt31b 
1.2635U 
1.25773 
1.2LI  73 
1.26q45 
1.27219 
1.27393 
1.26191 
1.25930 
1.25'934 
I .20476 
1.25903 
1.25296 
1 .??ab1 
I .24H62 
i .Z2492 
1.24794 
I .22"46 
1.714P4 
I ./J42P 
351 
302 
314 
397 
306 
307 
309 
3  1'1 
311 
317 
31 
314 
313 
316 
31d 
?I/ 
3  19 
3?: 
321 
322 
12, 
324 
37  b 
32  s 
327 
32d 
332 
32V 
33  1 
332 
315 
3  3- 
735 
336 
337 
3 39 
334 
343 
34 I 
342 
343 
344 
345 
340 
"I ' 
34J 
34  + 
35  2 
30  3 
300 
"36169 
"73317 
-.73312 
-.72979  -.  72352 
-.72295 
-.71123 
-.71694 
-.  70495 
-.e9859 
-.69497 
-.bqq85 
-.b*z9n  -.  ',  794( 
-.67?42 
-.65544 
-.0654.3 
-.  b4,)'l? 
-.h49A4 
-.1*3>h4 
-.02512 
-.  LJ  3494 
-.bll'vb 
-.597Rh 
-.59132 
-.5H19?  -.  5646h 
-.55782 
-.551J6 
-.54413 
-.S?b7h 
-.52n27 
-.5L"bl 
-.5122q 
-.505l', 
-.49325 
-.4H4d4 
-.47Y4i 
-.47Qll 
-.4h296 
-.45411 
-.4'1579 
-.43458 
-.r3191 
-.42178 
-.41565 
-.407HZ 
-.'+?I54 
-A9432 
-.3H57H 
,92335 
.0?273 
.92 'thS 
1.19136 
1.14924 
I.  15600 
1.16387 
1.17370 
1.17743 
I.lb194 
I  .I8941 
1.18010 
1.191'l5 
1.2C598 
1.21123 
1.21382 
1.22749 
1.72473 
1.22650 
1.22tlo') 
1.22584 
1.27A76 
1.27YR5 
1.21259 
1.23 798 
1.242811 
1.244d4 
I .24C03 
1.23346 
1.23614 
1.24665 
I .24096 
1.  r'+i34F 
I .2475h 
1.24?14 
1.24651 
1.246d4 
1.74771 
I.  24520 
1.25?5? 
1.251 36 
1.2rnbl 
1.15571 
1.7528c 
1.25121 
1.25227 
1.25967 
1.24967 
I .25553 
1.2572C 
1.2:.175 
1.26074 
l.2554tI 
35  I 
352 
353 
355 
354 
356 
35  7 
359 
35R 
361 
363 
36? 
364 
363 
365 
361, 
36d 
3b7 
369 
371 
310 
372 
373 
3  74 
3 75 
376 
377 
37rl 
379 
390 
30 1 
31' 
345 
384 
3*7 
38b 
3H8 
3d~ 
39; 
39  I 
3Y  2 
3v3 
394 
395 
397 
39  b 
39  1 
b?? 
399 
3n2 
-.37741 
-.37009 
"36259 
-.35433 
-.34633 
"33401 
-.32759 
"31989 
-.31272 
-.3Q409 
-.29797 
-.2B197 
-.ZHVL)Z 
-.27453 
-.26(131 
-.2519; 
-.75d50 
-.24551 
-.237c5 
-.223R5 
-.22976 
-  -. 
-  -.  -.  -.  -. 
-  -.  -  -. 
2 
2' 
I' 
1 
1 
I 
I 
1 
1, 
I 
I  -.  13133 
-.  11  396  -.  12  54? 
"10573 
-.999til 
-.09145 
-.dn57n 
-.01035 
"36461 
-.,I5116 
-.054d2 
-.73379 
-.7233R 
-.  7C31A  -.  712RO 
-.nHH19 
-.'Jh339 
-.57696 
1584 
0791 
9921 
$143 
4471 
7196 
7351 
5409 
6249 
459  7 
392  7 
-02506 
.02 392 
.O25h5 
-02658 
.02736 
-02  755 
-02501 
.02 504 
.02489 
.022Y!I 
-02044 
"I1931 
.31777 
.51620 
-02 197 
-02  303 
-3751  1 
.3? 468 
.O?  284 
.a2318 
.n?c134 
.01902 
.0167n 
.0178C 
.01979 
.OlTR5 
,01974 
.'I1690 
-01725 
-01478 
.OL513 
.31249 
.01213 
.:I355 
.Dl410 
.')I374 
.01417 
.01230 
.02 199 
.!I1965 
.07252 
.0745C 
-03597 
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-36613 
.35852 
,35237 
-34347 
-33240 
-31810 
,31904 
-31 335 
-30969 
-31248 
-32214 
-32028 
-31  538 
-31  563 
,31735 
-31698 
-31785 
-33436 
-34494 
.34443 
-35367 
.36667 
-37366 
.36646 
.31166 
-37003 
-31  159 
-37563 
.38 107 
-37856 
.3163r 
.3r202 
.37 127 
.3r872 
.3r923 
.3r966 
-37983 
-37661 
,37992 
-38029 
.38076 
.37932 
1.23143 
1.22607 
1.2ZI19 
1.21778 
1.21581 
1.21019 
1.20540 
1.20064 
I.  19289 
1.18397 
1.17649 
1.16811 
1.14225 
1.15810 
1.13538 
1.12524. 
1.11456 
1.10951 
1.11040 
1.10402 
1.11528 
1.11106 
1.11903 
I.  12694 
1.12946 
1.13415 
1.15072 
I.  15563 
1.16001 
1.16834 
1.17965 
1.18923 
1.10972 
1.19181 
1.19242 
1.19601 
1.198  17 
1.20942 
1.20293 
1.20930 
1.21212 
1.21399 
1.21618 
1.21628 
1.22069 
1.22506 
1.23089 
1.22716 
1.17854 
1.22273 
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2402 
2403 
2404 
2405 
2406 
2407 
2408 
2409 
2411 
2410 
2412 
2413 
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2418 
2419 
2420 
2421 
2422 
2423 
242  5 
2424 
2426 
2427 
2428 
2429 
2430 
2431 
2433 
2432 
2434 
2435 
2436 
2437 
2439 
2438 
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2440 
2442 
2443 
2444 
2445 
2446 
2447 
2448 
244V 
2450 
-.  19733 
-.18972  -.  18254 
-.l6617 
-.  14240  -.  15734 
-.12675 
-.12323 
-.14052 
-.I5618 
-.  18762 
-.20468 
-.22038 
-.23589 
-.25211 
-.26810 
“28359 
“29947 
“31503 
-.33078 
-.34639 
-.35991 
-.31238 
-.38143 
“38925 
-.39848 
-.41809 
“43034 
“44236 
-.43201 
“44012 
-.  42584  -.  41  392 
-.39855 
-.40216 
-.39447 
-.39049 
-.38409 
-.37888 
-.36952 
-.37354 
“36379 
-.35712 
-.35058  -.  34242 
-.33583 
-.  17479 
-.1345r 
-.  17324 
-.404r3 
.3r9ro 
.38195 
.38228 
.38205 
.37934 
-38012 
-38579 
-38193 
-38531 
-38726 
.38292 
.30626 
.38912 
.38319 
.38482 
.30161 
-38154 
-38172 
-37963 
.38024 
-37925 
-31772 
.37033 
,31731 
-36195 
-35028 
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.33208 
.31792 
-31921 
.31521 
.31984 
-31929 
-31496 
-32105 
-32352 
,32776 
-33259 
-33861 
-35026 
.I35201 
-35347 
.36282 
-36854 
-37179 
-31901 
.316rr 
.3r5~2 
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-31920 
1.23360 
1.24145 
1.23973 
1.24171 
1.24439 
1.25339 
1.25180 
1.25697 
1.25504 
1.24399 
1.24115 
1.23461 
1.22805 
1.21814 
1.22491 
1.21009 
1.20605 
I .20008 
1.19630 
1.19156 
1.18564 
1.18191 
1.16339 
1.15345 
1.14551 
1.13154 
1.12050 
1.12659 
1.09537 
1.11114 
1.09788 
1.09842 
1.10414 
1.11414 
1.12248 
1.12532 
1.13533 
1.12989 
1.14607 
1.15527 
1.14786 
1.16024 
1.16363 
I.  16852 
1.17034 
1.17512 
1.23765 
1.21177 
1.17278 
1.14467 
2451 
2452 
2453 
2454 
2455 
2456 
2457 
2458 
2459 
2461 
2460 
2462 
2463 
2464 
2465 
2467 
2466 
2468 
2469 
2470 
2471 
2413 
2474 
2476 
2472 
2475 
2477 
2478 
2479 
2480 
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2482 
2483 
2484 
2485 
2486 
2488 
2489 
2491 
2490 
2492 
2493 
2494 
2495 
2496 
2497 
2498 
2499 
2500 
2487 
-.32838 
-.I32046 
-.31215 
“30457 
-.29733 
-.28994 
-.28226 
-.21331 
-.‘26598 
-.25162 
“25032 
-.23448 
-.24198 
-.22685 
-.21063 
-.20296  -.  19403  -.  18638 
-.I1853 
-.I7113  -.  16250 
-.I5411 
-.13833 
-.14593 
-.  13134 
-.  13603 
-.15172 
-.  18460  -.  16929 
“21653 
-.20135 
“23235 
-.26468 
-a28043 
“29482 
-.31040 
-.32629  -.  34233 
-.  36816 
“37510 
-.39129  -.  39918 
“42270 
-.42300 
“41656 
-.218r4 
-.  12671 
-.247r6 
-.35577 
-.408r4 
-31950 
.38035 
-38301 
.38081 
-38  105 
,38502 
-38667 
-38693 
.38142 
-38785 
.38136 
.38152 
-38  662 
-38765 
-38681 
-38687 
.3801r 
.mor3 
.38ro4 
.38730 
-39022 
-38960 
-39015 
-39005 
.I39239 
-39209 
-39226 
-39286 
-39512 
,39445 
-39320 
-38975 
-38  864 
..38 895 
-39180 
.39188 
.38458 
-38376 
-38405 
-38659 
.31899 
-36993 
,35392 
-33415 
-32502 
-32053 
.32116 
,31676 
-39487 
.32 r59 
1.11793 
1.17956 
1.18240 
1  a 18444 
I.  18842 
1.19319 
1.19415 
1.19759 
1.19916 
1.20461 
1.20260 
1.20661 
1.20882 
1.21109 
1.21213 
1.21461 
1.216t2 
1.21952 
1.22420 
1.22393 
1.22953 
1.23231 
1.23867 
1.24158 
1.24022 
1.22602 
1.22881 
1.21141 
1.22213 
1.20441 
1.21145 
1.19971 
1.19588 
1.19429 
1.18949 
1.11958 
1.22~ 
1.23471 
1.  I1  142 
1.11621 
1.16991 
1.15919 
1.138.14 
1.15069 
1.12219 
1.11382 
1.10651 
1.10053 
I.  08942 
1.090‘30 
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2502 
2503 
2504 
2505 
2506 
2507 
2508 
2509 
2510 
2511 
2512 
2513 
2514 
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2526 
2527 
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2529 
2530 
2531 
2532 
2533 
2534 
2535 
2536 
2537 
2539 
2538 
2540 
2541 
2542 
2543 
2544 
2545 
2546 
2547 
2548 
2549 
2550 
-.41039 
-.40401 
-.39865 
-.39482 
-.39153 
-.38790 
-.37440 
-.  3661  6 
-.35936 
-.34547 
-.35270 
-.I43857 
-.33076 
-.32375 
-.?io837 
-.31662 
-.29300 
-.30397 
-.28500 
-.27774 
-.ZbZOZ 
-.25369 
-.23738 
-.24574 
-.22961 
-.22305 
"21499  -.  19921 
-.19050 
-.I8266  -.  17437 
-.16681  -.  15894  -.  15011  -.  14230  -.  13404  -.  12923 
"14765  -.  16459  -.  17999 
-.21251  -.  19629 
-.22817 
-.24383 
-.25966 
-.27536 
-.29113 
-.30585 
-.32211 
-.37080 
.31977  1.09592 
.31908  1.09892 
.32051  1.10234 
.33153  1.11147 
.32607  1.19692 
.33684  1.11528 
.35953  1.13340 
.36868  1.14029 
.37425  1.14509 
.37529  1.14613 
.37762  1.14970 
.38308  1.15728 
.37844  1.15175 
.X3384  1.15962 
.38537  1.16252 
.38969  1.16738 
.39909  1.16973 
.39014  1.17218 
.39058  1.17439 
.39233  1.17930 
.39087  1.17678 
.39270  1.18424 
.39536  1.18861 
.39190  1.18780 
.39203  1.19050 
.39309  1.19242 
.39686  1.19782 
.39619  1.19961 
.39753  1.20522 
.39787  1.20780 
.39752  1.20972 
.39496  1.20974 
.39541  1.21175 
,39911  1.21769 
.39916  1.21946 
.39455  1.21825 
.39479  1.22076 
.39454  1.22096 
.39987  1.20945 
.39996  1.20533 
.40019  1.20154 
.40022  1.19651 
.39707  1.19004 
.33862  1.18633 
.39994  1.18354 
.39612  1.17204 
.39672  1.17671 
.39534  1.16760 
.39187  1.16142 
.3YZ57  1.15798 
7551  -.33642 
2553  -.37207 
2552  -.35058 
2554  "38473 
7555  -.402r3 
2556  -.38899 
2557  -.38330 
2558  -.?E119 
2559  -.37364 
2560  -.36931 
2561  -.36511 
2562  "35542 
2564  -.34590 
2563  -.34861 
2565  "33357 
2567  "31957 
2566  "32574 
2568  -.31177 
2569  -.30419 
25711  -.29656 
2571  -.28485 
2572  -.28044 
2573  -.27443 
2575  -.25804 
2574  -.26510 
2576  "24932 
2577  "24175 
257d  -.23369 
2579  -.22577 
2580  -.21nb7 
2581  -.21034 
2582  -.20253 
2583  -.19520 
2584  -.LE597 
2586  -.17038 
2587  -.16270 
2589  -.14612 
2595  "13760 
2591  -.13156 
2592  -.I4389 
2593  -.lb050 
2594  -.17573 
2595  "19193 
2596  -.20837 
2597  -.22391 
2591  -.23919 
2599  -.25546 
2600  -.27134 
2585  -.  17760 
2583  -.is411 
.38805 
.38376 
.36473 
.32929 
.33716 
.33068 
.34140 
.35027 
.35901 
.36348 
.37020 
.38697 
.38756 
.38808 
.38829 
-38863 
.39495 
.39525 
.39536 
-39591 
.39883 
,39737 
-40463 
.40204 
.40183 
.43062 
.40066 
.40120 
-39696 
.43312 
.40262 
.40304 
.40552 
,40296 
.39916 
.40101 
.40117 
.40233 
.40550 
-40462 
.40963 
.40853 
-40579 
.40524 
.40486 
.40 644 
,40628 
.40 34  1 
.40537 
.43 36  1 
1.15033 
1.12678 
1.10705 
1.08824 
1.09345 
1.10078 
1.10706 
1.11386 
1.11677 
1.12151 
1.13747 
1.13585 
1.13950 
1.14177 
1.15020 
1.14405 
1.15499 
1.15248 
1.15691 
1.16071 
1.16929 
1.16183 
1.16911 
1.17119 
1.17209 
1.17463 
1.17635 
1.17731 
1.18247 
1.18473 
1.18749 
1.191  15 
1.19150 
1.19132 
1.19451 
1.19694 
1.20023 
1.20445 
1.20604 
1.21151 
1.19750 
1.19042 
1.18585 
1.18017 
1.17795 
1.17283 
1.16637 
1.16312 
1.15806 
1.14360 
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2604 
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262  1 
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2624 
2625 
2627 
2626 
2628 
2629 
2630 
2631 
2632 
2633 
2635 
2634 
2636 
2637 
2638 
2639 
2640 
2641 
2642 
2643 
2644 
2645 
2647 
2646 
2649 
2650 
2648 
-.28674 
-a30088 
"31539 
-.34607 
-.33078 
-.  36906 
-.38282 
"38637 
-.39093 
-.38396 
-.38649 
-.38124 
"37922 
-.37117 
-.37508 
-.  36705 
-.36072 
-.34289 
-.33545 
-.32043 
-.32776 
"31310 
"30679 
"29748 
"27637 
"28493 
-a26891 
"25314 
"24465 
-.23659 
"22916 
-.22250 
"21403 
-.20634  -.  19866  -.  1904  6  -.  18164 
"17351  -.  16652  -.  15847  -.  14144  -.  13401  -.  13908  -.  15552  -.  17990  -.  18792 
"21970 
-.20394 
-.23486 
-.25125 
-43259 
-39149 
-39724 
-39 109 
.39249 
,37282 
.34595 
,33221 
,33492 
-34603 
.33535 
-35055 
.35905 
-36328 
-37032 
-37691 
.37557 
-39261 
,39356 
.39337 
,39457 
-40168 
-39486 
-39626 
-40655 
-40547 
-40560 
.40696 
-40637 
.40718 
-40979 
-41284 
-40978 
-41  '368 
-41  107 
-40663 
,41097 
-40817 
-40829 
.40748 
-40837 
-40558 
-40973 
-40502 
.40842 
.4g858 
,41027 
-41  029 
.41110 
-41916 
1.15346 
1.14685 
1.13833 
1.13535 
1.13010 
1.11306 
1.09386 
1.08368 
1.07498 
1.07655 
1.08392 
1.08723 
1.09332 
1.09582 
1.10113 
1.10636 
1.10599 
1.12181 
1.12436 
1.12726 
1.13008 
1.13957 
1.13225 
1.13705 
1.14700 
1.14774 
1.15013 
1.15737 
1.15460 
1.15986 
1.16391 
1.16779 
1.16791 
1.17122 
1.17339 
1.17632 
1.17523 
1.17849 
1.18075 
1.18340 
1.18797 
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1.18696 
1.17036 
1.17215 
1.16268 
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1.15778 
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2659 
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2663 
2665 
2664 
2666 
2667 
2669 
2668 
2670 
2671 
2672 
2673 
2674 
2675 
2677 
2676 
2678 
2679 
2680 
2681 
2682 
2683 
2685 
2684 
2686 
2687 
2688 
2689 
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2691 
2692 
2694 
2693 
2695 
3696 
2591 
269d 
7699 
2700 
-a26670 
-.28243 
-.29640 
"30966 
"32574 
-.  36506  -.  34009 
-.37432 
-.38089 
-.38463 
"38149 
"37765 
"37293 
-.36298 
"36925 
"34226 
-.35757 
"33726  -.  32253 
-a31484 
-.30749 
-.29942 
"29399 
-.27914 
"28679 
-.26351 
"27116 
-.25549 
-.24926 
-.23998 
-.23251 
"22405 
"21696  -.  20955 
-.20147  -.  18542 
-.17722  -.  16949 
-.16186  -.  15399  -.  14552 
"15154 
"13537 
-.  18282  -.  16645 
-.19886 
"21451 
"22991 
"24572 
"26177 
-49946 
.40R10 
-39277 
.45 I01 
-39806 
.39384 
.37 778 
.36763 
-35660 
.35500 
-36226 
-36770 
,37145 
-38092 
-38158 
.38693 
.38899 
-39751 
.39845 
-39897 
.39891 
-39916 
-40348 
.40666 
-40733 
-40931 
-40  778 
.40959 
-41243 
-41309 
-41273 
.41334 
-41375 
-51349 
-41213 
-41262 
-41219 
-41277 
-41  048 
.41069 
-41 082 
-41  022 
-41  404 
.41039 
.41188 
-41  2  14 
-41  325 
-41 302 
.41273 
-41  246 
1.14391 
1.13899 
1.13291 
1.12262 
1.12235 
1.11500 
1.09770 
1.08976 
1.08230 
1.06964 
1.07531 
1.07959 
1.08229 
1 .OB909 
1.09048 
1.09560 
1.10002 
1.10868 
1.11376 
1.11584 
1.11829 
1.12077 
1.12705 
1.12497 
1.12887 
1.13106 
1.13358 
1.13598 
1.14026 
1.14273 
1.14486 
1.14802 
1.14995 
1.15222 
1.15374 
1.16146 
1.15917 
1.16392 
1.16464 
1.16980 
1.16707 
1.17524 
1.15808 
1.15280 
1.14885 
1.14423 
1.14043 
1.13035 
1.13542 
1.12581 
2701 
2702 
2704 
2703 
2705 
2707 
2706 
2708 
2709 
2710 
2711 
2712 
2713 
2714 
2715 
2716 
2717 
2718 
2719 
2720 
2721 
2722 
2723 
2724 
2725 
2726 
2727 
2728 
2729 
2730 
2731 
2732 
2733 
2734 
2735 
2736 
2737 
2738 
2739 
2740 
2741 
2742 
2744 
2743 
2745 
2746 
2747 
2748 
2749 
2750 
-.275SO 
-.29?55 
-.31964  -.  30492 
-.  33263 
-.34708 
-.36079 
-.37064 
"37511 
-.36941 
-.36365 
-.35189 
-.35876 
-.34440 
-.33631 
"32917 
-a32232 
-.31488 
-.30124 
-.28842 
-.29398 
-.28164 
-.27444 
-.26698 
-.25978 
-a25086 
-.24360 
-a23561 
-.22791 
"21946 
-.21212 
"20494 
-.19707  -.  18928  -.  18085  -.  17272  -.  16441 
-.15733 
-.14141 
-.13916  -.  14752  -.  16245 
"19465 
-.17821 
"22505 
-.20979 
-.24123 
-.25695 
-.27184 
-.  15003 
.47  54 2 
.43384 
,43247 
.43235 
.39424 
-39  194 
.38648 
.37481 
-38  183 
.38039 
.38O't3 
.39008 
.39254 
-39291 
,39296 
.39340 
.39315 
.39418 
.39593 
.40677 
.40005 
-40755 
.41070 
-41 532 
-41607 
-41  701 
.41503 
-41742 
.41505 
-41486 
-41  51  1 
-41480 
-41 752 
-41  316 
,41509 
-41488 
.*I140 
,41175 
.41127 
.41230 
.41273 
-41261 
-41272 
.41587 
-41859 
.41848 
-41  835 
.41787 
-41  378 
~1878 
1.11787 
1.11164 
1.11474 
1.09646 
1.1064R 
1.08973 
1.08314 
1.07289 
1.G6805 
1.06838 
1.06918 
1.07726 
1.08062 
1.08268 
1.08903 
1.08551 
1.09166 
1.09351 
1.10006 
1.10443 
I.  10854 
1.11321 
1.10993 
1.11988 
1.11771 
1.12317 
1.122.93. 
1.12765 
1.12853 
1.13269 
1.13049 
1.13551 
1.13954 
1.14050 
1.14169 
1.14587 
1.14599 
1.14856 
1.15166 
1.15448 
1.15474 
1.14343 
1.13819 
1.13477 
1.13106 
1.12078 
1.12565 
1.11542 
1.11063 
1.10530 
2751  -.28563 
7752  -.29027 
2753  -.311bo 
2755  "34022 
2754  -.32573 
2756  -.35551 
2757  -.35682 
2758  -.35227 
2759  -.34545 
2760  "33701 
2761  -.33084 
2762  "32363 
2763  -.31718 
2764  -.30941 
2765  "30237 
2766  -.29402 
2767  -.28943 
2768  -.2R297 
2769  -.27626 
2770  -.26856 
2771  -.26188 
2772  -.25441 
2773  -.24625 
2774  -.23892 
2775  -.23061 
2776  -.22311 
2777  -.21413 
2778  -.20736 
2779  -.ZOO91 
2780  -.19267 
2781  -.  18502 
2782  -.17662 
2783  -.16772 
2784  -.  lb0P9 
2785  -.15351 
2787  -.14024 
2786  -.14530 
2788  -.15878 
2789  -.I7449 
2790  -.18927 
2791  -a20539 
2793  -.23682 
2792  -.22141 
279s  -.26663 
2794  -.25245 
2797  -.29207 
2796  -e28046 
2799  -.31934 
2798  -.30567 
2800  -.33'1~7 
-39809 
.40893 
-39701 
-39601 
-39  687 
.39 54  1 
-39509 
-39530 
-39776 
-40428 
-39536 
-40093 
-40168 
-39882 
-39914 
-40446 
-39564 
.40867 
-41 172 
-41115 
-41  805 
-42052 
-42154 
-42 172 
-42171 
-41510 
-41 823 
-42 009 
.41777 
.41765 
-41491 
-41  799 
-41  408 
-41250 
-41  246 
-41092 
-42008 
-41 256 
-42049 
-41 162 
-42284 
.42503 
-42 22  1 
-40998 
-40027 
.40012 
.40130 
-40253 
.42  11 2 
-41  709 
5  a 
k' 
0 
1.10O63 
1.09300 
1.08208 
1.08h16 
1.07478 
1.07026 
1.05900 
1.06198 
1.06529 
1.06655 
1.07601 
1.08072 
1.07762 
1.08079 
1.08339 
1.08929 
1.08305 
1.09419 
1.09219 
1.10072 
1.09530 
1.10695 
1.10431 
1.11157 
1.10895 
1.11416 
1.11147 
1.11682 
1.12139 
1.12517 
1.12241 
1.12765 
1.12865 
1.13202 
1.13299 
1.13469 
1.13487 
1.12310 
1.12130 
1.10933 
1.11021 
1.10793 
1.10126 
1.09668 
1.08992 
1.06467 
1.07371 
L.07821 
1.06935 
1.06261 2d01 
2802 
2803 
2805 
2804 
2806 
2807 
2808 
2809 
2RlO 
2811 
2813 
2812 
2815 
2814 
2816 
2817 
2819 
2dl8 
2820 
2821 
2822 
2823 
2825 
2824 
2027 
2826 
W  2828 
CI  2829 
2830 
2831 
2832 
2833 
2834 
2835 
2836 
2837 
2839 
2838 
2840 
284  1 
2942 
2843 
2844 
2845 
2846 
2R47 
2848 
2349 
2850 
-.33751 
-.33154 
-.3162O 
-.30853  -.  30229  -.  29502 
-a28938 
-.28489 
"27786 
-.26514 
-.27198 
-.25837 
-.24984 
-.24138 
-.22618 
-.23458 
-.21825 
-.a0339 
-.21065 
-.LE786 
"19586 
-.I8061 
-.  16375 
-.17154 
-.15668 
-.14948  -.  14326  -.  15457  -.  16984 
"18488 
-.ZOO26 
-a21560 
"23174 
-.24735 
-.26300 
-a29920 
-.27541 
-.31203 
-.30111 
-.31562 
-e30176 
-.29942 
-.29545 
-.27923 
"27242 
-.26639 
-.25240 
-.26005 
-.24509 
-.284n9 
.43712 
.43 149 
-40  DO9 
.39399 
.39551 
.39589 
.39744 
-4072  1 
.40 847 
.41754 
-41909 
.42 792 
.42275 
.42 350 
.42619 
.42  586 
-42268 
.42239 
.42?29 
.41706 
.*I823 
.41890 
-41  327 
.41257 
-41  233 
.41276 
-41 293 
.41082 
.41597 
-41  626 
-41852 
-42457 
.4218b 
-42490 
.42651 
.41 398 
.39841 
.3974  I 
.41074 
.39454 
,39564 
.39956 
.45398 
.40833 
-41  161 
.41 R44 
-42122 
.42 89  6 
.3~a98 
.42 848 
1.05569 
1.06124 
1.05492 
1.06109 
1.06476 
1.06966 
1.06679 
1.07611 
1.07522 
1.08135 
1.08356 
1.08896 
1.09010 
1.09513 
1.09152 
1.09786 
1.09754 
1.10048 
1.10371 
1.10308 
1.10501 
1.10917 
1.10883 
1.11234 
1.11505 
1.11700 
l.llR36 
1.10575 
1.10283 
1.09621 
1.09161 
1.08858 
1.08189 
1 .08498 
1.07034 
I .07849 
1.05957 
1.05194 
1.04984 
1.04605 
1.04613 
1.05027 
1.05452 
1.05668 
1.05897 
1.06127 
1.06523 
I .Ob804 
1.07263 
1.07463 
2851 
2852 
2853 
2M54 
2855 
2856 
Z85R 
285q 
2860 
2861 
2863 
2862 
2864 
2865 
2  866 
2867 
2d6R 
2870 
2871 
2872 
2875 
2874 
2875 
2876 
2877 
2878 
2879 
2880 
2R8l 
Zed2 
2883 
2a57 
2a.w 
2n84 
2885 
2886 
2887 
2888 
2889 
2R90 
2891 
2892 
2893 
2894 
2895 
21197 
2396 
2898 
2899 
ZYC3 
"23676 
-.22922 
-.22112 
-.21406 
-.19846 
-.20598 
-.  18360  -.  17658  -.  16742 
-.15973 
-.15973 
-.14547 
-.15234 
-.  15985 
-.I6577 
-.19600 
-.18126 
-.21114 
-.22731 
-.25701 
-.24195 
-.28167  -.  2  6984 
"29290 
-.29236 
-.28290 
-.27880 
-.27322 
-.26662 
-.26088 
"25452 
-.23952 
-.23084 
-.21541 
-.22422 
-.20899 
-.20121  -.  19391 
-.I8655 
-.17851 
-.17181  -.  16400  -.  15599 
-.14912  -.  16lR9 
-.I9138 
"17676 
"2221  1 
-.20741 
"23661 
.42 540 
.42555 
-42606 
.42 543 
.42 54  7 
.42071 
.42090 
.41982 
-41  339 
.41246 
.41246 
.40 R4 5 
-40  86  1 
-41269 
.41333 
.41766 
.42127 
.42339 
-42  867 
.42547 
.42  394 
.41614 
.40 62  1 
-39682 
.39062 
.39895 
-40728 
-41197 
-41307 
.42 000 
.42439 
-42  73  9 
.42774 
-42312 
.42136 
-42195 
-42328 
.42287 
.41730 
.41735 
-41 701 
.41277 
.41245 
.412C3 
-41  174 
.41705 
-41  84  1 
-42610 
-42612 
.42675 
1.07757 
1.07790 
1.08062 
1.08319 
1 .e8548 
1.08591 
1.09075 
1.09424 
1.09325 
l.OY701 
1.09701 
1.09866 
1.09651 
1.09198 
1.08609 
1.08177 
1.07742 
1.07305 
1.07196 
1.06013 
1.06461 
1.05506 
1.04949 
1.04480 
1.03103 
1.03957 
1.04370 
1.04531 
1.04439 
1.04952 
1.05755 
1.05263 
1.06007 
1.06060 
1.06068 
1.06439 
1.06765 
1.07064 
1.07741 
1.07359 
1.07849 
1.08162 
1.07122 
1.08262 
1.06626 
1.05957 
1.05940 
1.05436 
1.04865 
I .n7092 
2901 
2902 
2903 
2904 
2905 
2906 
2907 
2908 
2909 
29  10 
2911 
2912 
2913 
2914 
2915 
2916 
2917 
2919 
2918 
2929 
2921 
2922 
2923 
2924 
2925 
2926 
2927 
2929 
2920 
2930 
2931 
2932 
2933 
2934 
2935 
2936 
2937 
2938 
2939 
2941 
2942 
2943 
2944 
2945 
2946 
2947 
2948 
2949 
2950 
2940 
-.Z5171 
-.26454 
-.28056 
"27447 
-.26907 
-.26329 
-.25611 
-.24d47 
"24060 
"23337 
-.22530 
-a21863 
-.21141 
-.19684 
-.20438 
-.19004  -.  18278 
-.17486 
-.16833 
-.15111  -.  15988 
-.  14909 
"15957 
-.17304 
-.20100 
-.le716 
-.  2  1588 
-.a6078 
"24590 
-.25810 
"26538 
"25154 
-.24401 
-.23624 
-.22000 
-.21299 
-.  19352 
-.17833 
-.  16462 
-.17089 
-a15618 
-.15216  -.  16990 
"19771 
-.21032 
-.22380 
-.24042 
-.24264 
-.23871 
-.zoo40 
-41491 
-42572 
.41650 
.41354 
.49598 
-42223 
.42090 
-42  339 
-42  672 
.42528 
-42771 
-42465 
A2455 
-42433 
-42419 
-42419 
.41024 
-41  514 
-41465 
-43660 
.49  681 
.40965 
-41  806 
-41  439 
-41559 
-42223 
,42278 
.42274 
.42 02  I 
-41  832 
.42 499 
-42  332 
.42413 
-42416 
-42  193 
-42  396 
-42  302 
-41589 
.42  234 
-41521 
.41153 
-41  123 
,41104 
.41  E98 
.41377 
-42556 
-42  01  5 
-42212 
-42224 
.42666 
1.04473 
1.03776 
1.03094 
1.02415 
1.02906 
1.03268 
1.03353 
1.03475 
1.03683 
1.04036 
1.04414 
1.04518 
1.04697 
1.04976 
1.05306 
1.05537 
1.05556 
1.05758 
1.06039 
1.05920 
1.06246 
1.06467 
1.05980 
1.04976 
1.04294 
1.03605 
1.04153 
1.02585 
1.02373 
1.01709 
1.01444 
1.02351 
1.01938 
1.02642 
1.02904 
1.03444 
1.04013 
1.03763 
1.04512 
1.04345 
1.04833 
1.04994 
1.02435 
1.03459 
1.02254 
1.00929 
1.00504 
-99968 
1.01r78 
1.01236 
k 
n 2951 
2953 
2952 
2954 
2955 
2956 
2957 
2958 
2959 
2960 
2961 
2963 
2962 
2964 
2965 
2966 
2967 
2968 
2969 
2970 
2971 
2973 
2972 
2974 
2975 
2976 
2977 
2978 
2979 
2981 
2980 
2Y82 
2981 
2985 
2984 
2987 
2986 
298~ 
“23032 
-.22329 
-.21528 
-.20831 
-.19557 
-.I8846  -.  17548 
-.  I6046 
“16751 
-.lb517 
-.LO572  -.  19375 
-.21971 
-.22141 
-.21771 
-.21000  -.  20289 
-.I9116  -.  1840  1 
-.lb370  -.  17769 
-.  15715 
-.16094 
-.ZOO25 
-.21582 
-.20114 
-.19735 
-.la593 
-.17351 
-.lbb77 
-e15819  -.  1626A  -.  17007  -.  18044 
-.  17983 
-.le514 
-.16583 
-.  15487 
.42721 
-42  800 
.42940 
.42403 
.41837 
.41759 
-41  704 
.41 061 
.40970 
.40 758 
.40799 
.41580 
.42299 
.42518 
.42 397 
-42962 
.42540 
.42150 
.41399 
.41566 
.41531 
.40813 
.40965 
.40365 
-42  L87 
.42  784 
-42  26  1 
.41332 
.42185 
.40 ROO 
-40372 
-45  00  1 
.40388 
.43460 
.43674 
-41  531 
.42 09  6 
.40209 
I .00725 
1.01360 
1.01083 
1.01471 
1.01709 
1.02045 
1.02554 
1.02564 
1.02913 
1.02872 
1.01723 
1.00887 
I. 00700 
.99998 
.99098 
-99615 
.99610 
.9984 1 
1.00483 
1.00010 
1.00741 
1.01341 
1.01195 
1.00040 
.99132 
.98963 
-98056 
-98262 
-98613 
.98988 
-99043 
.97897 
.99148 
.97559 
.96952 
.v7347 
.%E39 
.95669 c 
APPENDIX  D 
TABILLATION  OF CANOPY  COORDINATES 
FOR  TWIN-KEEL  PARAWING 
The  following  pages  are a  reproduction  of  the  printed  computer 
output  for  the  canopy  coordinates  obtained  photogrammetrically  at  the 
Langley  Research  Centel:  from  the  stereo  photographs  of the  twin-keel 
parawing  in  t.he  wind  tunnel.  The  coordinate  system  used  in the  data 
presentation is illustrated in the  sketch  below. 
Xoot  chord 
direction 
Keel  chard 
direction 
Confluence 
"-  11_-~ 
;I, 
Xoot  chord 
Confluence 
point 
The  origin  of  the  axis  system  is on the  sting  at the  confluence  point 
of  all the  rigging  lines  except  those  on  the  trailing  edge.  The  positive 
x'  directj-on is parallel  to  the  keel  chord  direction,  which  differs 
slightly from  the  root  chord  direction,  with  positive  x'  downstream. 
The  positive  z'  direction is upward  towards  the  canopy,  and  the  positive 
y'  direction is consistent  with  a  right-hand  system. 
The  data  consist  of  a  point  identification  number,  followed  by  the 
x', y', and  z'  coordinates  of  the  point,  nondimensionalized  by  the 
characteristic  length  hk,  which  is 75 inches  for  the  parawing  tested. 
Points 1-12  are  the  canopy  line attachment  points  €or  keel  lines  1-12, 
respectively.  The  six  leading-edge  line  attachment  points  are  listed  as 
93 Appendix  D 
points 13-18.  For  the  remainder  of  the  coordinates,  generally,  a  single 
streamwise set of points  having  about the same  y'  coordinate  was  read, 
with  the  sets starting  near  the  vertical  plane  of  symmetry  and  moving  out 
toward  the  tip. 
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cn 
Point 
No. 
1 
2 
3 
4 
5 
6 
1 
8 
9 
12 
11 
13 
14 
15 
16 
17 
le 
10 
.\ 
5 
24 
23 
25 
26 
27 
28 
30 
29 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
42 
41 
53 
44 
46 
45 
41 
48 
49 
53 
x'n, 
-.41920 
-.38668 
"33674 
-.21R54 
-e  16443 
-.22201 
-.E4190  -.  11003 
-00896 
061  27 
,15994 
,11607 
-.  38303 
-.3@536 
-e23315  -.  14934 
-e06162 
-.40213 
-02084 
-.48610 
-.48418  -.  48180 
"47942 
-.48155 
-.47577 
-.41534 
-a41417 
-.41222 
-.41014 
"46633 
-a  46470 
"45754 
-.Vi172 
-a43404 
"50335 
-.49393 
-.47140 
-.45855 
-.43236 
"44503 
-.41910 
-.405R9 
"39253 
-.37910 
-.3669n  -.  35326 
-.?I4029 
"32659 
-.31418 
-.wow 
-10703 
-13789 
,14857 
16197 
1191  6 
1731  8 
,17185 
-16909 
15954 
1651  1 
-15628 
-15061 
.I7650 
-2601  1 
.3400 8 
.42228 
,4049 1 
-36495 
-01552 
.@0622 
-02689 
-01687 
-04186 
e03106 
06436 
.05374 
a07617 
-08537 
-09019 
-0910 1 
.lo282 
-10845 
-1146  I 
-11591 
-01736 
.O2229 
a00116 
.ocoo9 
.00053 
.00181 
.00211  .  0010  2 
.00228 
.00411 
-00381 
-00237 
,90241 
= '4 
88231 
.96418 
-89325  .  90401 
.93441 
,93674 
,94557 
,94245 
.93223 
.09836 
.q2205 
.8647 8 
-82932 
-81751 
.?E933 
-6503  9 
.-I2141 
-57049 
.94830 
.94999 
.96861 
-96133 
.93856 
-94659 
-93150 
.92592 
-92056 
-91757 
-90510 
-99360 
-81967 
-86722 
.81026 
-85867 
.94905 
-94390 
.98910 
.99417 
.99241 
.9948 2 
,99912 
,9961  9 
.99997 
.99737 
.99918 
1.00206 
l.nn205 
1.00348 
1.  "20C 
1.3,lIZ-l 
Point 
NO. 
51 
53 
52 
54 
55 
56 
58 
51 
59 
61 
60 
62 
64 
63 
65 
66 
61 
68 
10 
69 
11 
72 
14 
73 
15 
16 
17 
19 
78 
90 
81 
82 
83 
R5 
84 
87 
86 
88 
99 
90 
91 
93 
92 
95 
94 
96 
97 
98 
100 
99 
x'n, 
-.29140  -.  21411 
-.25087 
"23919 
-.21171 
-.18583 
-.19864 
-.I7361 
"16136  -.  14768 
-.12140 
-.lo768 
-"I042 
-.I79430 
-.06704 
-.05550 
-.04051 
-.02732 
-e01524 
-.W063 
-02540 
-01087 
-03814 
.e6560 
-05237 
"29098 
-07885 
-10396 
-11815 
.12909 
-141  16 
-15412 
e16727 
,  -19267 
18203 
.21737 
e20505 
-.49483  -.  50400 
-.41150  -.  48346 
"44519 
-.45852 
-.41818 
-.43229 
-.40579 
-.39265 
-.31938 
-.22501 
-.  13398 
-00431 
moo299 
-00293 
e00136 
e00244 
.00110 
-00225 
a00512 
-00460 
-00319 
00240 
-00199  .  q042  5 
-00199  .  0001  2 
.00001 
e00395 
.00113 
.00040 
.00214 
.oon3 1 
e00371 
.00007 
-00113 
0023  2 
.00065 
.00081  .  0000 1  .  0000 1 
-00093 
-00136 
.0002 1 
.00221 
.00087 
.00232 
-00049 
'.00102 
.00(100 
a00333 
-01185 
a00697 
e01277 
mol186 
-01156 
e01125 
.01212 
-31167 
.01281 
.012q1 
.  no027 
1.00242 
1.00346 
1.00887 
1.00863 
1.00656 
1.0117Q 
1.91271 
1.01490 
1.01164 
1.01643 
1.01989 
1.02091 
1.0193n 
1.02322 
1.02255 
1.02658 
1.02562 
1.02203 
1.02698 
1.02598 
1.02308 
1.02568 
1.02320 
1.02023 
1.02095 
1.02125 
1.01918 
1.01744 
1.00930 
1.01429 
1.00878 
1.00315 
-99656 
-99401 
.99978 
a99093 
-98237 
97407 
a91133 
-95219 
-98245 
,94845 
,98814 
e98962 
e9921  1 
.99479 
.99589 
99762 
.9998 1 
1.00127 102 
101 
103 
104 
105 
106 
107 
108 
109 
1  I0 
111 
112 
113 
114 
115 
116 
117 
118 
119 
I20 
121 
122 
123 
124 
125 
126 
12- 
129 
129 
130 
132 
131 
133 
134 
135 
136 
137 
138 
139 
141 
140 
142 
143 
144 
145 
147 
146 
14R 
149 
150 
"36634 
"35237  -.  33968 
-.31352 
-.32615 
"29992 
-.281C5  -.  2734  1  -.  26405  -.  25 LOO 
-.23904 
-.22507 
-.21141 
-.I9903 
-.  17282 
-.18516 
-.I6081  -.  141  19 
-.I2108 
"13396 
-.  in747 
-.C9410 
-.fl6R42 
-.'18210 
-.250ez 
-.CV.RS 
-.04063 
-.O2R25 
-.01471 
-.Of  132 
.01208 
"23864 
.02585 
.OS208 
-06523 
.C9230  .  IC545 
11671 
13022 
142  28 
.15554 
-16642 
.I8064 
-19302 
.2(1535 
.21575 
-.49506 
-.4Q506 
-.4C506 
.o7010 
.0091  8 
-0111 6 
.01279 
.01124 
-00932 
.01155 
-01033 
.01211 
-01267 
-01324 
-01374 
.01052 
.01219 
.01189 
-01024 
-91043 
.01076 
-01052 
.01088 
.009OR 
.01080 
.'I1104 
.01015 
-00814 
,00947 
-01053 
.!I1190 
.01084 
-01035 
-01134 
.01203 
.01250 
-01235 
.01161 
.01215 
.01241 
.01416 
.01168 
.01414 
.01202 
.91229 
-01126 
-01367 
.01283 
.01297 
.01077 
.to749 
.00749 
-30749 
.n~m 
1.00329 
,99848 
1.00146 
-99976 
1.00303 
1.00486 
1.00544 
1.00490 
1.00747 
-99518 
1.00783 
1.01057 
1.00708 
1.01226 
1.01078 
1.01298 
1.01430 
lr01901 
1.02106 
1.02124 
1.01943 
1.02183 
1.0229R 
1.01999 
1.02213 
1.02368 
1.02541 
1.02327 
1.02327 
1.02349 
1.02331 
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110 TABLE  I 
PROPERTIES  OF THE  CIRCULAR-ARC  FITS 
TO  THE  SINGLE-KEEL  PARAWING 
- __-  - 
x  (in.) 
~  ~ 
2 
4 
6 
8 
10 
12 
14 
16 
18 
20 
22 
24 
26 
28 
30 
32 
34 
36 
38 
__~  "_ 
X/Cr 
"- 
0.052 
.lo3 
.154 
-206 
.256 
.308 
.3  60 
.411 
.462 
-514 
.575 
-616 
.668 
-7  20 
.771 
.822 
-874 
-92  5 
.977 
" - 
~. 
e  (in.) 
~ 
0.60 
-50 
1.65 
3.05 
4.50 
5.95 
7.40 
8.80 
10.30 
11.85 
13.45 
15.15 
16.90 
18.70 
20.50 
22.00 
23.75 
25.00 
27.00 
f  (in.) 
5.40 
6.50 
7.60 
8.60 
9.50 
10.30 
11.00 
11.60 
12.10 
12.50 
12.85 
13.15 
13.40 
13.50 
13.50 
13.50 
13.50 
10.00 
6.00 
r  (in.) 
8..  60 
9.50 
13.30 
15.50 
16.50 
17.80 
19.10 
20.60 
22.40 
24.20 
25.60 
26.00 
26.00 
26.20 
27.00 
27.00 
27.00 
18.00 
17.00 
s  (in.) 
7.98 
9.01 
12.02 
13.88 
14.94 
16.14 
17.30 
18.53 
19.89 
21.18 
22.20 
22.60 
22.74 
22.92 
23.38 
23.38 
23.38 
16.12 
12.96 
111 TABLE  I1 
PROPERTIES OF THE CIRCULAR-ARC FITS 
TO THE TWIN-KEEL PARAWING 
x  (in.) 
2 
4 
6 
8 
10 
12 
.  14 
16 
18 
20 
22 
24 
26 
28 
30 
32 
34 
36 
38 
40 
42 
44 
46 
48 
50 
0.039 
.078 
.I17 
.156 
-194 
* 234 
.27 2 
.312 
.3 50 
-389 
.429 
.466 
.505 
* 545 
-585 
.622 
-662 
.700 
-740 
780 
-818 
-856 
.895 
.934 
.973 
e (in.) 
-0.9 
.1 
1.1 
2.1 
3.2 
4.2 
5.2 
6.2 
7.3 
8.3 
9.3 
10.3 
11.3 
12.3 
13.4 
14.6 
15.8 
17.1 
18.4 
19.9 
21.4 
23.2 
24.9 
26.7 
28.5 
I 
f  (in.) 
4.0 
9.6 
10.5 
11.2 
11.9 
12.5 
13.1 
13.8 
14.5 
15.4 
16.5 
18.4 
21.4 
24.0 
25.4 
25.6 
23.7 
20.4 
18.5 
17.0 
16.1 
15.4 
10.0 
5.8 
2.2 
1:  (in.) 
I 
11.4 
13.6 
18.0 
23.7 
25.5 
28.5 
31.2 
33.4 
34.3 
35.5 
35.9 
36.0 
36.0 
36.0 
36.1 
36.3 
35.9 
3i.7 
38.8 
40.0 
41.4 
43.0 
24.5 
4.5 
s  (in.) 
8.67 
13.00 
16.36 
20.14 
21.57 
23.58 
25.41 
27.04 
28.01 
29.26 
30.21 
31.40 
32.91 
33.94 
34.48 
34.69 
34.46 
33.50 
33.07 
32.73 
32.77 
32.97 
19.75 
10.27 
3  -87. 
112 z1 
Root chord 
Figure 1.- Axes  and  crossflow plane used 
in theory. 
113 (a) Boundary  condition  €or stationary  parawing. 
(b) Boundary condition  in  fixed  crossflow plane 
through  which  parawing  is moving. 
Figure 2. - Boundary conditions  for  all-flexible 
slender  parawing. 
114 (a)  a2  boundary  condition  for  an  expanding  circular  arc. 
5 
I 
=  sin @ 
(b) %  boundary  condition  for  a  translating  circular  arc. 
Figure  3.-  Unit  potential  solutions  arising  in  all- 
flexible slender parawing  theory. 
115 
I 1 
-"  Y, 
e 
<a =  54 + 2 
if  1' 
Figure  4.-  Transformations  used  in  obtaining 
complex  potential  for  translating  arc. 
116 t 
Figure 5.-  Transformations and  flows used 
in  obtaining  complex  potential 
€or dilating  arc. 
117 Figure  6.-  Normal  directions  associated  with 
surface  formed  from  segment  of a 
circular cone. 
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(b) Spanwise  camber  parameter,  k. 
Figure 7. - Concluded. 
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(a)  Apparent  mass  factor. 
Figure  8.-  Effect of  spanwise camber  on  normal-force  curve  slope  and 
angle  of  zero  normal  force  for  conical  parawing. 1.7 
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(b)  Angle of  zero  normal  force. 
Figure 9.-  Concluded. 1 
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Figure 9.-  Effect of  spanwise  camber  on  angle of  zero 
normal  force and  ideal  angle  of  attack. 8 
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(a)  Normal-force  curves. 
Figure 10.-  Effect  of  leading-edge  suction  and  vortex  lift 
on aerodynamic  characteristics of  flat  delta  wings 
of  low  aspect  ratio. 
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(b)  Drag  curves. 
Figure  10.-  Continued. 
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Figure 11.- Effect  of  leading-edge  suction  and 
vortex  lift  on  aerodynamic  characteristics  of 
parawing  formed  by  segments  of  circular  cones. 
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?igure  11. - Continued. 
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Figure  11.-  Concluded. 
5 0  1  2  3  4  5 
(a) Full  suction. 
Figure  12.-  Effect  of  k  on  ratio  of  normal 
force  to  induced  drag  for  conical  lifting 
surfaces. 
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(b)  Vortex lift. 
Figure 12,-  Concluded. 
6  7  a Figure 13.-  Equipment  setup  for  photogrammetric  test. 
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Figure 14.-  Single-keel  parawing  configuration. 
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Figure  15.-  Chordwise  sections  of  single-keel  parawing 
obtained from  measured  canopy shape  data. 88 
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(b) Sections for  0.56  <  q C;  0.925. 
Figure 15.-  Corlcluded. 
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..  .. . (a) Side  view. 
Figure  16. - Photographs of  single-keel  parawing 
in Langley  Research  Center wind  tunnel. (b)  Rear  view. 
Figure 16. - concluded. h4 
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Figure 17.  - Twin-keel  parawing  configuration. 
138 I 
-;6  -:2  -de  -:4  -io  -:6  -:2  -A  -4  I  0  I  4  I  8  I  12  I  16  I  20  I  : 
x',  inches 
.(a)  Sections  for  0  <  q <  0.514. 
Figure  18.-  Chordwise  sections of  twin-keel  parawing 
obtained from  measured canopy  shape data. 
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Figure 18.-  Concluded. (a) Side view. 
Figure 19.-  Photographs of twin-keel  parawing 
in Langley  Research  Center  tunnel. (b)  Rear  view. 
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Figure 20.-  Spanwise  sections  for  single-keel  parawing. 
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Figure 21.-  Comparison of actual  planform 
with circular-arc planform 
for single-keel parawing. 
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Figure  22.-  Predicted  chordwise  buildup  of  normal-force 
on  single-keel  parawing. 4 
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Figure  23.-  Spanwise  sections for twin-keel  parawing. 
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Figure  24.-  Comparison  of  actual  planform 
with  circular-arc  fit  planform 
for  twin-keel  parawing. 
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Figure  25.-  Predicted Uhordwise  buildup of normal force 
on twin-keel  parawing. 0.014 
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Figure  26.-  Predicted  distributed  line  tension  load on  twin-keel 
parawing  obtained  from  Canopy  Tension  Approach 
(method c)  . 
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Figure 27.-  Predicted distributed  line  tension  load 
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Figure 28.-  Comparison  of  line  loads  for two  theoretical  load 
distribution models  for  twin-keel  parawing. 
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Figure  28.-  Concluded. 0.12 
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Figure 29.-  Comparison  of predicted  and  measured  line loads 
for the  single-keel  parawing. 0.12 
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Figure  30 .- Comparison  of predicted and  measured  line loads 
for the twin-keel  parawing. 0.12 
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Figure 30. - Concluded. 